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Erosional and Depositional Textures
and Structures in Coastal Karst
Landscapes
Danko Taboroši and Miklós Kázmér

Abstract

Exposed surfaces of limestones on marine coastlines are characterized by
a tremendous range of rock textures and structures. Many of them are
features limited to coastal areas and are morphologically and genetically
distinct from inland analogs. This distinction is due to idiosyncrasies of
both coastal environments and coastal limestones. Processes operating
in coastal settings are not limited to dissolution by fresh water and
involve profound chemical and physical action of sea water and marine
biota. In addition, these processes act upon rocks that are frequently
younger and diagenetically less mature than inland limestones that have
undergone deep burial and accompanying changes. The outcomes are
distinct types of karren sculpturing, bioerosional markings, deposited and
precipitated fabrics, bioconstructions, and compound structures that are
unique to coastal karst. Many are limited to particular microenvironmental
settings and certain elevations with respect to the sea level and can,
therefore, be used as powerful paleoenvironmental and past sea level
indicators.
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Introduction

Limestones exposed along marine coastlines display a prodigious array of rock textures and
structures. These include both erosional and depositional features, many of which are characteristic of coastal areas and distinct from analogs
found in other karst environments. They are generally limited to the narrow coastal belt (from
the always-submerged subtidal zone, through the
intertidal zone, to the supratidal zone of wave
splash and sea spray) and are shaped by a variety
of marine weathering processes that occur in the
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presence of sea water (Paskoff 2005) and marine
biota (Spencer 1988).
Erosion of limestones and geomorphic evolution of exokarst (exposed karst surface) is usually
equated with the process of solution of calcium
carbonate. This is appropriate in inland areas,
where the main agent that shapes rock surfaces
is fresh water. However, most sea water at normal pressure is saturated with respect to calcium carbonate and is not expected to produce
dissolutional features. Even so, limestone dissolution does occur in the coastal zone under a
variety of conditions, many of which are insufficiently understood and involve input of fresh water or biologic agents. In addition to chemical and
biologically-mediated dissolution (jointly known
as corrosion, Guilcher 1953), coastal limestones
are subject to a number of physical processes
peculiar to the coastal zone: mechanical breakdown by the action of surf, salt weathering (haloclastism), wetting and drying, abrasion by wavesuspended sediment, and other forces that are
absent or less intense in inland karst.
Also of great importance is the widespread and
potent geomorphic action of marine biota, whose
dwelling and feeding lifestyles involve effective
reshaping of rock and account for a truly fundamental difference between the fates of karst rocks
exposed in coastal and inland settings. Inundated
or wetted by water, coastal rocks are superficially but in effect “alive” – coated with pervasive, persistent, and complex communities of
organisms that engage in erosion, but also other,
often opposing processes. In addition to powerful
destructive effects of bioeroding organisms, some
coastal biota protect the rock from erosion, baffle
water currents and garner sediment, or precipitate
their own calcium carbonate. This offsets and locally reverses the effects of erosion, resulting in a
complex miniature landscape where the net result
of removal and deposition of calcium carbonate
may be different in any given spot. This is controlled by presence or absence of specific organisms and their own controlling factors: tidal and
wave regime, coastal exposure and water energy
fluctuations, shading and illumination patterns,
and biologic interactions such as competition for
space and predator-prey relationships. Therefore,
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unlike inland exokarst, where broad areas see
comparable denudation rates and spatially consistent geomorphic reduction of the landscape,
coastal exokarst surface can be imagined as a
“battlefield” between destruction and construction (erosion and deposition), which, controlled
by physicochemical and biologic microenvironmental variations, act in discrete locations, in various ways, at varying intensities, and at different
scales; shift both spatially and temporally; and
create a dynamic and multiplex overall pattern of
rock textures and structures.
Furthermore, some baseline lithologic differences between coastal limestones and limestones
that dominate inland karst settings should be considered. Many limestone coasts, especially those
in the tropics and subtropics, are in young, diagenetically immature limestones that have never undergone deep burial and accompanying changes.
Such rocks, described as eogenetic, tend to be
coarse grained and retain much depositional heterogeneity that has not been smoothed and averaged by deep burial diagenesis. For the same
reason, they also preserve high primary porosity. Extremely young units can include the calcium carbonate polymorph aragonite, which is
more soluble than the traditional calcite found
in older limestones. The combination of high
textural variability, relatively high porosity, and
differential solubility substantially adds to the
complexity of exokarst forms that develop in
coastal environments.
In addition to intrinsic scientific interest in
such complex features and the sheer beauty
of coastal karst landscapes, understanding
their textures and small-scale (mm to cm)
and medium-scale (dm to m) elements may
have several important applications. They are
increasingly utilized for their high potential in
paleoenvironmental interpretation (e.g. Vescogni
et al. 2008), tracking climate change (e.g. Silenzi
et al. 2004), recognition of past catastrophic
events (e.g. Benac et al. 2004), analysis of sea
level fluctuations (e.g. Laborel and LaborelDeguen 1994, 1995), studies of biologic
community interactions (e.g. Jones 1989), and
even research in planetary geology (Bourke
and Viles 1997). The purpose of this chapter
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is to provide an overview of small-scale and
medium-scale exokarst features produced in
carbonate rock surfaces by various inorganic and
biologic erosional and depositional processes
that operate along marine coastlines. We will
explore erosional and bioerosional textures and
depositional and bioconstructional features; and
consider how the compounding and overprinting
of such basic forms on small- and medium-scales
creates larger structures and engenders typical
coastal karst landscapes.

2.2

General Characteristics

Small- and medium-scale erosional sculpturing
of karst rocks has been of interest to geomorphologists for over a century. A collective term
“lapiéz” was applied to various rills, flutes,
channels, and cracks in limestone rocks already in
the nineteenth century (Chaix 1895) and the first
comprehensive studies and classifications ensued
(Martel 1921 and Cvijić 1924). Most of this early
research took place in mountainous regions of the
Alps and classical karst of southern Europe and is
well summarized by Ginés (2009). With the studies by Bögli (1951, 1960), and subsequent work
by Trimmel (1965), Monroe (1970), Jennings
(1971), and Sweeting (1972), the term “karren”
came to stand for all dissolutional sculpturing in
soluble rocks. Karren research became a vital
element of geomorphologic, hydrologic, and
paleoenvironmental studies in karst terrains and
remains a dynamic field today (e.g. Ginés 2009;
Veress 2010). Some of the first detailed descriptions of rock sculpturing as observed specifically
in marine coastal settings were produced by
Macfadyen (1930), Wentworth (1939, 1944),
Emery (1946), Corbel (1952), Guilcher (1958)
and others; and were paralleled with studies of
biological zonation on rocky coasts (Stephenson
and Stephenson 1949; Doty 1957; Southward
1958). Attempts to link the observed morphologies with specific processes (e.g. Guilcher
1953; Dalongeville 1977; Ley 1979) increasingly
led to awareness that rock-shaping processes
operating in coastal karst settings are unique
and distinct from what is happening in other
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karstlands. An appreciation of idiosyncrasies
in the forms observed, as well as processes
operating along carbonate coasts had led to an
understanding that small- and medium-scale rock
sculpturing of coastal carbonates form unique
“coastal karren” (or “marine karren” – Ley 1977
and “littoral karren” – Malis and Ford 1995)
assemblages that are discrete from those of other
karst settings (“normal” rainfall-solution karren,
subsoil karren, cave karren, etc.). Just to what
extent can the processes and morphologies that
exist on karst coasts differ from those of inland
karst settings was elucidated by the landmark
paper of Folk et al. (1973). They described the
extremely jagged and chaotic karren of Cayman
Island coast and contrasted its highly irregular
morphology with the orderly and linear classical
karren features studied thus far. They named
these features “phytokarst” to emphasize the role
of cyanobacteria in their evolution. By that time,
the studies of biological erosion were blossoming
(e.g. Neumann 1966; Schneider 1976; Bromley
1978) and converged with research on coastal
karst, as several influential studies calculated
erosion rates of coastal karst surfaces and found
that much of it was biological in nature (Hodgkin
1964; Trudgill 1976, 1987; Viles and Trudgill
1984; Spencer 1985a; Kelletat 1988). These
advances were paralleled by increasing research
on carbonate deposition along karst coastlines.
Many geomorphic features constructed by living
organisms were described for the first time (e.g.
Bosence 1973; Focke 1978) and in due course
became recognized as integral elements of coastal
karst landscapes. Compound effects of entire
biologic communities on erosional sculpturing
and production of sediment along carbonate
coasts were considered by Schneider and
Torunski (1983) and biological construction of
carbonate deposits was understood as concurrent
and inseparable from biological destruction
(Kelletat 1985). Ultimately, the concept of coastal
“biokarst” (Viles 1984) solidified to recognize
that carbonates along marine coasts are shaped
by invertebrate action in addition to inorganic
and microbially-mediated processes and that
this includes both erosion and deposition. The
term “halokarst” was also offered as an umbrella
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term because it emphasizes the role of salty
marine water in the formation of coastal exokarst
(Fairbridge 1982).
Eventually, investigations of coastal karren
and the related erosional and depositional processes and features in contact with or in vicinity
of seawater amalgamated with the concurrently
growing body of data about coastal limestones in
general. Work on formation of sea caves (Moore
1954), origin of marine notches (Higgins 1980),
shaping of coastlines by groundwater (e.g. Back
et al. 1986), dissolution of aquifer margin caves
(Mylroie and Carew 1990), etc. made it clear that
karst of coastal settings is a “world onto itself” –
remarkable, complex, and highly distinct from
karst topography elsewhere. Its small-scale and
medium-scale components, particularly erosional
textures, continue to be an object of fascination
and subject of extensive research (see reviews by
Lundberg 2009; De Waele and Furlani 2013).

2.2.1

Processes

The fact that various weathering and erosional
processes work concurrently and often in synergy
with each other is perhaps nowhere as clear as
it is along coastlines. In coastal settings, chemical weathering can be quite aggressive because
of mixing of fresh waters (meteoric, surface,
groundwater) with seawater; physical destruction
can be intense due to high energy released from
the ocean; and biologic erosion at sea level is far
more vigorous than in almost any other setting,
subaerial or subaqueous. In most cases, a given
rock surface exposed at the coast is subject to
all three groups of processes operating together
and under influence of each other. The texture
and structure that ultimately develops at a given
location depends on the particular balance of processes operating there and may only sometimes
be linked to a specific mechanism that emerges
as dominant. The remarkable diversity of rock appearances and sculpturing therefore derives from
the fact that their overall form is controlled by the
magnitude and relative importance of numerous
chemical, physical, and biological erosion processes, which differ in space and time (Spencer
1985a).

Chemical dissolution by meteoric or surface
water is the primary cause of surface sculpturing
in most karst rocks. The specific mechanisms
include direct impact of raindrops, laminar or
turbulent flow in channels or sheets over rock
surfaces, adherence of thin water films to rock
surfaces, stagnation of water in pools, and so
forth (Ginés and Ginés 1995). In coastal areas,
effects of meteoric water alone are not different
than in karst elsewhere, except that they may
be less intense because of the general lack of
acidifying soil and organic-rich sediment in immediate vicinity of shorelines. What makes rocks
in coastal settings quite distinct, however, is that
meteoric water there does not occur alone and
dissolution involves both fresh and saline waters.
Seawater is present in unlimited quantities, but
is saturated with respect to calcium carbonate
and unable to dissolve limestone under normal
circumstances. Some researchers have postulated
that seawater may become locally and briefly
undersaturated due to respiration of intertidal
organisms at night when there is no photosynthetic uptake of carbon dioxide (Holbye 1989).
Trudgill (1976) suggested that in a calm tropical
environment, nearshore waters can achieve undersaturation with respect to aragonite and highMg calcite even during daytime and that some
10 % of limestone erosion on raised reefs is due to
dissolution by seawater. Miller and Mason (1994)
have shown undersaturation in stagnant isolated
seawater bodies on intertidal platform. Physical
agitation by breaking surf (Fairbridge 1952) has
also been suggested as a mechanism to achieve
fleeting undersaturation. The first mechanism that
was unequivocally demonstrated as effective in
making seawater dissolutionally aggressive is the
addition of fresh water (Bögli 1964). Higgins
(1980) correlated the efficacy of erosion of limestone at sea level with discharge of fresh groundwater into the sea. Stoessell et al. (1989) have
shown that dissolution of coastal limestone can
take place in sea water mixed with very little fresh
water. Working in Yucatán, they have observed
that only 5 % addition of fresh water to ambient sea water can result in undersaturation with
respect to aragonite, and a 10 % addition can produce undersaturation for calcite. Along protected
shorelines, where coral reefs, mangrove swamps,
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sand bars, or other structures minimize circulation of coastal waters, discharge of fresh water
from groundwater systems, surface drainage, or
intense rainfall can produce a floating layer of
dissolutionally aggressive brackish water on the
ocean surface.
Physical impact of surf, hydraulic action
of water, and pneumatic work by compressed
air pushed into small crevices break and
shape coastal rocks. However, they loosen
and disintegrate bedrock and produce widened
fractures and sea caves rather than small-scale
erosional textures. For that reason, mechanical
action of waves is usually not responsible for
development of karren. Instead, it tends to destroy
karren or prevent its formation by constantly
renewing rock surfaces exposed to the ocean. In
addition, sediment suspended in wave-agitated
water acts as abrasive agent and polishes exposed
surfaces to minimize their three-dimensional
relief. In contrast, wave splash and sea spray
drive incessant wetting and drying cycles that
promote weathering of supratidal rocks. This
may disintegrate some limestones, particularly
eogenetic, chalky, or argillaceous units, or
produce erosional sculpturing in more densely
crystalline rocks. Evaporation of wave splash
from pits and indentations in rocks leaves behind
waters of various chemistries, which may corrode
rock and become particularly aggressive when
they mix with rain water. Crystallization of salt
within pore spaces of coastal rocks results in
salt weathering, much of which transcends the
definition of karren and may, along with wetting
and drying, create cavernous hollows known
as tafoni (see Chap. 8). In polar areas, frost
weathering may also play a role in formation
of some karren and general erosion of coastal
limestone (Cowell and Ford 1983).
Biologic action is extremely important and
evident in almost all coastal karst settings. Much
of it is reflected in bioerosion, the destruction and
removal of lithic substrate by direct biologic
action (Neumann 1966). The most common
agents of bioerosion in coastal settings are
cyanobacteria (Radtke et al. 1996; Schneider and
Le Campion Alsumard 1999) and other microbes,
fungi (Duane et al. 2003), algae (Kobluk and
Risk 1977), lichens (Moses and Smith 1993),
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sponges (Holmes et al. 2009), polychaete
worms (Hutchings and Peyrot-Clausade 2002),
sipunculid worms (Williams and Margolis 1974),
molluscs (Morton and Scott 1980), echinoderms
(Mokady et al. 1996), and crustaceans (Ahr
and Stanton 1973). Fish are important only in
subtidal settings, particularly on coral reefs (Risk
and McGeachy 1978). Living organisms erode
rock by mechanical means (bioabrasion) or by
chemical means (biocorrosion) (Tribollet and
Golubic 2011). Many species rely on both when
making their variously shaped excavations. Some
of them penetrate rock in order to take advantage
of endolithic (rock interior) habitat that is stable
and buffered from outside stresses and relatively
isolated from potential predators. Others wear it
down as they graze on epilithic (rock surface) organisms or work to access prey that hides within
the rock (Fórnos et al. 2006). Bioerosion is thus a
collective process in which many organisms destroy rock by different means, in different ways,
and for various reasons. Much of it is driven
by predator-prey and competitive relationships
between the bioeroders themselves and results
in a composite and highly complex diminutive
landscape in which traces of various organisms
concur, modify, and overprint each other.
Of course, the coastal karst landscape is a
highly complex and dynamic system in which
there also exist chemical, physical, and biologic
processes that act in direction opposite to the destruction of rock. Chemical precipitation and cementation occurs locally to produce oölitic sands
(Newell et al. 1960), carbonate mud (Robbins
and Blackwelder 1992), beachrock, and some
less common deposits. Physical transport and
deposition creates numerous seascapes, including beautiful sandy beaches on countless carbonate coasts. Biological processes are certainly
not limited to bioerosion and encompass several important groups of processes that actively
counter weathering and erosion. Many organisms precipitate calcium carbonate and some directly build standing structures – magnificent
coral and algal reefs and other fascinating formations. This is bioconstruction, which is the
production of sedimentary structures by living
organisms (Spencer and Viles 2002; Naylor et al.
2002). It occurs in many parts of the ocean
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floor, but is particularly common in coastal areas, particularly the intertidal zone. It involves
colonial and solitary skeleton-building and encrusting organisms: algae (especially coralline
red algae), scleractinian corals and certain other
cnidarians, bryozoa, polychaete worms, and some
mollusks. In addition, there are biosedimentation,
where shells and other biogenic hard parts lead
to production of loose sediment; biocementation,
where organisms foster lithification of sediment
(e.g. Webb et al. 1999), and bioprotection, where
organisms coat and isolate rock surfaces from
erosive action (Carter and Viles 2005). Of course,
any depositional structures, biogenic or not, are
attacked by erosion even as they are being built,
and persist only when and where local carbonate production or accumulation outweighs all
erosion. As a result, some important features
of coastal karst are depositional in nature, even
though karst in general is by and large a dissolutional and erosional landscape.

2.2.2

Relief and Scale

Rock textures can be described in terms of differences in small- and medium-scale relief. Most
apparent, and indeed defining, features are those
of negative relief, where material has been eroded
away. Positive relief features are merely residual
forms that persisted where erosion did not occur
as fast due to uneven contact with water, channeling, variations in flow, variations in lithology,
etc. In coastal karst, however, the situation is
more complicated. Residual forms regularly persist thanks to the countless microenvironmental
factors that locally define net erosion, including
being protected by epilithic organisms. Furthermore, there are positive relief forms that arise by
local carbonate buildup. This is unusual in inland
settings, where tufa and speleothems are the main
exceptions, but is pervasive in coastal settings,
where biologic calcium carbonate production is
the norm. As previously discussed, the interplay
of limestone destroying forces (physical, chemical, and biological weathering and erosion) and
limestone creating forces (precipitation, deposition, biologic production of shells and skeletons,

cementation) results in a very complex small- and
medium-scale landscape of countless erosional
and depositional facets. In a coastal setting, quite
often, one cannot be properly considered without the other. This was best stated by Lundberg
(2009), who conceptualized overall coastal karst
relief at any location as negative (due to erosion),
remnant (due to less or lack of erosion), and
positive (due to buildup).
In general, negative relief is on cm or m
scale. In exceptional circumstances, karren features may be over 10 m deep, both in classical
karst (Cvijić 1924) and tropical (Salomon 2006)
settings, but can always be qualified as small- or
medium-scale when compared to most other karst
landforms (10–100 m to km-scale dolines, poljes,
caves, etc.) Expressing size and scale is relatively
easy for most karren, because length, width, and
depth of channels, flutes, ridges, pans, and other
forms can be delimited and directly measured. In
coastal karst settings, this is not always straightforward because many morphologies are chaotic.
As we shall see later, the basic morphologic
elements of many coastal limestone surfaces are
irregular pits of various shapes and sizes. Though
most appear to be within cm-scale range, a closer
look should reveal that there is a continuum of
comparable features from microscopic apertures
to human-sized hollows. The composite landscape is often reminiscent of a cratered surface,
in which smaller pits are contained within larger
ones and basic morphology is repeated on a
variety of scales superimposed on the same rock
surface. Torunski (1979) has called this pseudofractal nature and Lundberg (2009) considered it
a collection of basic elements (“building blocks”)
that are variously scaled and assembled into textures and structures (“modules”).

2.2.3

Lithologic Controls

When dealing with features that develop on
exposed carbonate rock surfaces, we must
also consider the rocks’ inherent properties.
Lithology of host rock plays important role in
the development of karren in coastal settings
(Ley 1977) and elsewhere. General prerequisite
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is that the rocks are soluble (though some
secondary textures on non-karst rocks have long
been called karren, e.g. by Palmer 1927). True
dissolutional sculpturing develops best and in
greatest variety in massively bedded, fine grained,
and homogeneous limestones (Ford and Williams
1989), whereas porous and mechanically weak
rocks are unfavorable to karren development
(Jennings 1985). For example, in Guam, MioPliocene reef limestone exhibits deeper and
more complex erosional sculpturing than coeval
foraminiferal and argillaceous limestones; and
Holocene reef limestone possesses a much
rougher exposed surface than beachrock deposits
of approximately the same age (Taboroši et al.
2004). Similarly, in the Bahamas, older eolianites
show better developed erosional structures
than younger eolianites (Mylroie and Mylroie
2009) and in the Balearic islands Miocene
reef limestone exhibits more complex karren
assemblages than Miocene muddy calcarenite
(Gómez-Pujol and Fornós 2009). In western
Ireland, karren development on Carboniferous
limestone was quantitatively correlated with
the purity of limestone (Burke 1994, cited in
Drew 2009). This indicates that constitution and
diagenetic maturity is an important factor in
determining the type of texture that develops
on a certain rock surface. This tendency is very
significant in coastal settings. Many limestones
are deposited under nearshore marine conditions
and become karstified following relative sea level
change, without intervening episodes of burial
and diagenesis. Such eogenetic rocks are far
more porous and physically and mineralogically
heterogeneous than diagenetically mature units.
Their lithologic characteristics exert strong controls over the type of dissolutional and erosional
features that form on their exposed surfaces.
Efficacy of bioerosion is enhanced because
pre-existing voids facilitate rock excavation by
invertebrates; and pore spaces, irregularly shaped
grains, bedding planes, and fractures lead to easy
microbial and water penetration. Pre-existing
heterogeneities in eogenetic limestones thus
cause dissolutional and bioerosional attack on
them to be scattered and uneven, making them
predisposed to development of chaotic textures
rather than well-structured karren.
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2.2.4

Rates of Development

Rates at which dissolutional textures develop
in coastal karst tend to be different from those
of inland karst. The tempo of sculpturing of
limestone rocks exposed along coastlines depends on the type of rock, shaping mechanisms,
climate, exposure to wave energy, composition
of biologic community, and other factors. In
general, however, the formation of secondary
textures seen on exposed limestone surfaces must
outpace the frequency and intensity of largescale reshaping of the overall coastal landscape
by major erosion events (Mylroie and Mylroie
2009). This is because large storms and ensuing
coastal breakdown tend to erase secondary
textures of exposed rocks by breaking them and
exposing virgin surfaces.
In a seminal study, Trudgill (1976) measured
erosion rates between 0.3 and 4 mm/year in
young reef limestone in a tropical Indian Ocean
atoll setting. Donn and Boardman (1988) measured rates between 1.8 and 2.6 mm/year in intertidal zone and 0.4 mm/year in supratidal zone
in the Bahamas. Spencer (1985b) also worked in
the tropics and recorded rates over 2.5 mm/year
on exposed coasts and under 0.5 mm/year on reef
protected coasts in the Cayman Islands. Perhaps
surprisingly, the lowest net erosion, less than
0.2 mm/year, was found on coasts exposed to
high wave action. This is because high water
flux promotes growth of filter-feeding organisms
whose bioconstruction activities offset effects of
bioerosion. Erosion rates in temperate climates
are comparatively lower. Maximum measured in
intertidal limestones in Europe were 1 mm/year
in the northern Adriatic Sea (Torunski 1979)
and just under 0.4 mm/year in Ireland (Trudgill
et al. 1981). Comparable values were observed
in New Zealand and Australia (Gill and Lang
1983; Stephenson and Kirk 1998). Summaries
of published rates from all over the world are
provided by Furlani et al. (2009) and De Waele
and Furlani (2013). The former also provide new
data from the Adriatic Sea. They found the denudation rate at sea level to be 0.1 mm per
year. More specifically, that rate was characteristic of intertidal and splash zones, from 0.25 m
below mean sea level to 0.75 m above mean
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sea level. In slightly deeper water, the rate drops
by half to 0.05 mm/year. Erosion rates are by
far the lowest in inland areas away from marine
influence. Inland areas in the same region and
with comparable rainfall, but at elevations several
hundred meters above sea level exhibit maximum
erosion rates between 0.01 and 0.03 mm/year.
A very valuable observation by Furlani et al.
(2009) is that while maximum erosion rates in
coastal and inland settings can differ by a factor
of 10, minimum erosion rates measured at various
coastal and inland sites are comparable. This
corroborates observations that coastal erosional
sculpturing appears random and extremely variable from site to site. Rock removal rates at any
particular position in coastal areas clearly depend
more on microenvironmental parameters such as
wave exposure and biologic community structure
rather than large-scale phenomena such as rainfall and soil cover that control the rates inland.

2.3

Karren and Erosional
Textures

The variety of dissolutional textures that form
in exposed limestone surfaces is vast. There
are many dozens of types of basic karren,
each with defined form, proportions, technical
name, and a number of synonyms. Terms such
as rillenkarren, rinnenkarren, meanderkarren,
trittkarren, rundkarren, kluftkarren, etc. stand
for various types of flutes, grooves, channels,
scallops, tubes, clefts, and other common features
of exposed soluble rock surfaces (see definitions
in Bögli 1960 or Ginés et al. 2009). They are
best seen in homogeneous and diagenetically
mature limestones of inland settings, where
regular patterns are the norm and a formal
classification based on recurring morphologies
and deduced genetic origins is firmly in place.
In striking contrast, surfaces of limestones
(especially diagenetically immature units)
exposed along marine coasts (but also brackish
and sometimes lacustrine shores and inland areas
of very humid tropical regions) tend to exhibit
disordered assemblages of pits, protuberances,
and various irregular morphologies. As a result,
classification of karren and related features

is particularly difficult in coastal areas. An
attempt must be based on morphology (see,
for instance, Gómez-Pujol and Fornós 2009)
rather than genetic origin, as the latter is
evident only in some hydrodynamically or
structurally-controlled karren. In most cases,
the genetic mechanism is difficult to isolate from
so many concurrently operating and interrelated
processes. As previously suggested, many coastal
rock textures are composite and polygenetic.
Analogous features can be created by different
processes and single features can be created by
multiple processes. For example, a small pit in
limestone surface can be a result of dissolution
by pooled water, selective mineral loss, removal
of a detached fossil, or any of a number of
different processes. It can also be a compound
result of several processes, for instance attack
by microbes, dissolution, and salt weathering
(Moses and Smith 1994). It could also be an
excavation made by some marine invertebrate.
Bioerosional markings are sometimes considered
a kind of coastal karren features (Lundberg
2009), but perhaps should not be whenever it
can be determined that the scars were made
by particular organisms, especially through
bioabrasion. We discuss such traces separately
in this chapter and consider them distinct from
karren, which should be limited to predominantly
dissolutional features. Of course, both karren
and bioerosional scars are important and integral
parts of coastal karst landscapes and a clear
distinction cannot always be made between them.
The two concepts converge and overlap just like
the actual features coexist and overprint in nature
(case in point being eogenetic karren, discussed
further on).

2.3.1

Hydrodynamically-Controlled
Karren

Archetypal karren are shaped as rills, runnels,
grooves, flutes, and other forms that are evidently
hydrodynamically controlled. They are produced
by solution of carbonates and other soluble rocks
through laminar or turbulent flow of water. They
are most common in steeply dipping surfaces
of diagenetically mature limestones and occur
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in all karst settings, from the humid tropics
(Sweeting 1972) to deserts (e.g. Sweeting and
Lancaster 1982). Their representation in coastal
areas varies from common to absent, with the
main deciding factor being diagenetic maturity
of rock. Because many coastal limestones are
diagenetically immature and highly porous,
they do not support surface flow even across
very short distances and effectively preclude
the formation of hydrodynamically-controlled
karren forms. Instead, they are host to chaotic
karren collectively known as eogenetic karren
(see eogenetic karren and pinnacles further in
text). Essentially, hydrodynamically-controlled
karren and eogenetic karren are opposite
end members of a continuum ranging from
dissolution by focused flow to widely dispersed
corrosion, and are often mutually exclusive. To
the best of our knowledge, hydrodynamicallycontrolled karren are either lacking or exhibit
only rudimentary forms in eogenetic limestones.
In contrast, they can be common in diagenetically mature limestones and exist in many
different types.
Rillenkarren are solution flutes, about a cm
wide and few tens of cm long, shallow, roundbottomed troughs that occur packed side-by-side
and separated by sharp-crested ridges (Ford and
Williams 1989). They are among most typical
karren in alpine karst and have been noted in
some coastal settings as well. For example,
Gómez-Pujol and Fornós (2009) describe mmscale sinuous microrills and cm-scale rillenkarren
from fine-grained Miocene calcarenites exposed
to wave spray on the Balearic Islands’ coast.
Taboroši (this chapter) has observed cm-scale
rillenkarren in Cretaceous-aged coastal (and
inland) karst in the northern Adriatic. A closelyrelated form are wandkarren, which are straight
solution runnels that form on vertical and
subvertical cliffs and shaft walls by dissolution
by rainwater flowing down steep slopes (Bögli
1960). We have observed them in coastal
cliffs of Permian and Carboniferous limestones
descending into waters of Krabi Bay, Thailand
and islands of Ha Long Bay, Vietnam. In the vast
majority of cases, however, coastal locations of
hydrodynamically-controlled karren are merely
incidental and forms observed are no different
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than those seen on the same rocks inland. The
only hydrodynamically-controlled karren that
can be understood as restricted to coastal settings
are rill sets and runnels made by surf. Inclined
rocks regularly splashed by waves may exhibit
some rilling (Fig. 2.1a), but that is often partial
and lopsided (Fig. 2.1b) and not straight and
regular as true rillenkarren, presumably due to
the relative diagenetic immaturity of exposed
units. Solution pans and tide pools where wave
splash accumulates at different elevations may be
connected by decantation runnels, or may have
outlet runnels that conduct overflow back to the
ocean. Finally, fluting or channels incised by
wave swash and backwash are often evident in
beachrock deposits (Fig. 2.1c).

2.3.2

Structurally-Controlled
Karren

Water moving through rock may exploit
previously existing discontinuities and create
karren types that represent dissolutionallyenlarged joints and bedding planes. Coastal areas
are often sites of stress resulting from seismic
activity, bank-margin failures, oversteepening of
scarp edges, etc. and develop numerous joints.
Joints provide routes for infiltrating meteoric
water and gradually become widened. They exist
at various scales. Small varieties are widened
only superficially and taper off with depth.
Solutionally widened joints (Fig. 2.1d) and
fractures are considered a type of karren and
are known as kluftkarren. They are typical
feature of limestone pavements (Ford and
Williams 1989), and may also be seen in coastal
settings in very fractured rocks (Fig. 2.1e).
On meter and larger scales they transition
into large grikes (Fig. 2.1f), karst corridors,
fracture caves (see Chap. 13) and various
other fissures. This commonly occurs in coastal
settings, where structural discontinuities in rock
are mechanically widened by hydraulic and
pneumatic action of wave-compressed seawater
and air and eventually become large enough to be
considered sea caves (see Chap. 1) or are enlarged
by focused discharge of groundwater into the
ocean (Fig. 2.1g). In limestones where bedding
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Fig. 2.1 Hydrodynamically and structurally-controlled
coastal karren features. (a) Vertical dissolutional rills in
diagenetically mature Cretaceous limestone, Sveti Marko
island, Croatia [ruler is 10 cm long]; (b) Rudimentary
channels and ridges formed by returning wave splash in
Miocene-Pliocene limestone, Yucatán, Mexico; (c) Parallel grooves incised in Holocene beachrock by wave swash
and backwash, Guam; (d) Solutionally-enlarged, steeplyinclined joint in Pleistocene reef limestone, Guam [scale
bar is 15 cm]; (e) A top-view of coastal platform cut-up by
kluftkarren, in Cretaceous chalky limestone, near Tripoli,
Lebanon; (f) Series of large, vertical grikes dissecting

Cretaceous chalky limestone near Tripoli, Lebanon [outcrop face is 7 m tall]; (g) Coastal fracture in Pleistocene
reef limestone in Guam, widened by dissolution through
mixing of ambient seawater and a steady supply of fresh
groundwater that is captured inland and discharged into
the ocean; (h) Subhorizontal linear karren features, guided
by bedding planes, in otherwise irregularly dissolutionally
sculpted eogenetic coastal eolianite near Cueva del Indio,
Puerto Rico; (i) Naturally fractured beachrock deposit
with slabs separating along bedding planes and vertical
cracks, Guam [scale bar is 15 cm]

planes are present, water may also preferentially
move along and widen them by dissolution. In
coastal areas, this is often observed in eolianites,
where dissolutional widening of bedding planes

produces horizontal linear karren (Fig. 2.1h)
and in beachrock deposits where fractured slabs
separate along pre-existing planes of weakness
(Fig. 2.1i).
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2.3.3

Eogenetic Karren
and Pinnacles

The exposed surfaces of diagenetically immature
coastal limestones tend to be dominated by
chaotic and very rough karren consisting of
multitudes of densely packed pits of various
sizes, separated by irregular ridges and sharp
tips (Taboroši et al. 2004). This elementary
form can be seen in very young limestones
where corrosion has not gone too far and
ridges and points clearly stand out as residual
relief among adjacent pits (Fig. 2.2a). On
more corroded surfaces, pits can be deeper and
reminiscent of tiny craters (Fig. 2.2b). Extremely
corroded surfaces can be so intricate that they
evoke three-dimensional fretwork (Fig. 2.2c).
This type of dissolutional sculpturing exhibits
little, if any, gravitational control and is well
developed on rock surfaces of all orientations,
including vertical and overhanging. This has led
to an understanding that biological activity and
haloclastism play major roles, making this one
of the most variable and least understood karren
types (White 1988). Indeed, extremely jagged
forms with convoluted pitting, knife-edge ridges,
very sharp points, and completely penetrating
holes (Fig. 2.2d) have been named “phytokarst”
by Folk et al. (1973), who recognized that
biocorrosive microorganisms (see microborings,
discussed later) have a decisive role in the
shaping of this karren type. The microorganisms’
macroinvertebrate predators, especially littorinid
gastropods, also play a geomorphic role by
colonizing, scraping, and propagating pits and
other negative relief (Fig. 2.2e) in search of
prey. Effects of haloclastism are most obvious in
units comprised of cemented sand and indirectly
exposed to much seawater, where karren tends to
develop delicate lace-like forms reminiscent of
tiny tafoni (Fig. 2.2f).
Alongside extraordinary irregularity, the most
remarkable feature of this karren is the apparent
continuum of form across a range of scales.
Just like that of the karren itself, the largerscale topography is defined by negative relief
consisting of irregular depressions and residual
positive relief consisting of jagged ridges and
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upward-pointing pinnacles. Surfaces of pinnacles
and other larger-scale surfaces are highly fretted
by smaller-scale eogenetic karren (Fig. 2.2g).
Because the pits are of so many different dimensions (from mm-scale and smaller boreholes by
microbes to human-sized holes) and leave behind
points and ridges of proportional sizes, the end
result can be a fractal-like pattern (Fig. 2.2h),
where mm- and cm-scale pits, points, and ridges
appear to be repeated on dm- and meter-scale
topography. In addition to diagenetically immature limestones of tropical coasts, this type of
karren occurs on similar rocks in inland areas in
the humid tropics. Inland varieties are somewhat
more rounded and subdued in relief and exhibit
paler color: the extreme coastal forms are black
or dark gray, while the inland forms tend to be
light gray to tan (Fig. 2.2i). The intensity of
color is thought to reflect the type and amount
of organic coating by epilithic and shallow endolithic microorganisms, which are at least partly
responsible for the observed morphology (Viles
1987; Jones 1989).
After initial descriptions of this karren from
the Aldabra Atoll (Stoddart et al. 1971) and
the Cayman Islands (Folk et al. 1973), analogous
forms were reported from Balearic Islands (Ginés
and Ginés 1995), Nauru (Jacobsen et al. 1997),
Christmas Island (Grimes 2001), Lord Howe
Island (Moses 2003), Niue (Terry and Nunn
2003), Morocco (Duane et al. 2003), Guam and
the Mariana Islands (Taboroši et al. 2004), Puerto
Rico (Chacón et al. 2006), Bahamas (Mylroie
and Mylroie 2009), etc. Despite being very
conspicuous on numerous coastlines around the
world, this type of karren lacks a widely accepted
name. Both the centimeter-scale karren and
meter-scale pinnacles have been assigned many
different terms over the past few decades. Some
of the synonyms include champignon surface
(Stoddart et al. 1971), phytokarst (Folk et al.
1973), lacework morphology (Bull and Laverty
1982), etc. The term spitzkarren (Trudgill 1979)
was also suggested, despite little similarity
with spitzkarren originally described by Bögli
(1960) (compare Trudgill’s Fig. 1 and Bögli’s
Fig. 15). In recent years, the term eogenetic
karren (Taboroši et al. 2004) has gained some
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Fig. 2.2 Eogenetic coastal karren features. (a) Eogenetic
limestone surface with chaotic karren consisting of irregular pits and residual ridges and points, Tinian, Mariana
Islands; (b) Eogenetic limestone surface corroded as if
parts of rock have been scooped out, leaving behind
countless tiny craters, Guam; (c) Extremely intricately
shaped, fretwork-like karren on eogenetic limestone, Boracay, Philippines; (d) Particularly jagged “phytokarst”
morphology, with its convoluted pits, knife-edge surfaces,
and completely-penetrating holes, as is typical of eogenetic rocks on tropical coasts, Rock Islands, Palau; (e)
Littorinid snails grazing on a highly-pitted karren surface
and preferentially hiding within holes whose sizes appear
to correspond to the animals’ own shell sizes, near Cueva
del Indio, Puerto Rico; (f) Calcareous sandstone surface
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on the protected landward side of a small island exposed
to high surf; it receives much seawater input but no
direct hits by waves and is shaped by salt weathering
and grazing by numerous small littorinid snails, Isabela,
Puerto Rico; (g) Meter-scale ridge and pinnacle morphologically comparable to cm-scale karren with which they
are covered, Pleistocene eolian calcarenite, near Cueva del
Indio, Puerto Rico; (h) A small outcrop (approximately
1 m across) of grotesquely corroded young reef limestone
exposed in a mangrove swamp in Palau; (i) Landward
change from dark-colored sharply-corroded “phytokarst”
by the sea (background) to lighter-colored rocks with
less-pronounced relief and some vegetation (foreground),
Santo Domingo, Dominican Republic
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acceptance (Mylroie and Mylroie 2009; Lundberg 2009). This is based on an understanding
that this type of karren is polygenetic and
arises from a number of processes (including
biocorrosion, wetting and drying, salt weathering
and hydration, and salt spray and rain water
mixing) that are superimposed on the highly
heterogeneous texture and high primary porosity
of diagenetically immature limestone. Eogenetic
lithology is deemed to be the crucial factor
controlling the development of this type of
karren by making the rocks predisposed to
the development of multitudes of irregular
hollows and residual forms that accompany
them (Taboroši et al. 2004). Occasionally
and somewhat unexpectedly, jagged karren
with circular depressions separated from one
another by sharp ridges get reported from old,
diagenetically altered limestones (e.g. by Mark
2009), but the analogy with eogenetic karren
remains to be examined. Many pitted and sharp
textures reminiscent of eogenetic karren can be
created in the intertidal zone of both tropical
and non-tropical places as composite results of
bioerosional activities by a variety of concurrent
(and competing) or successive (and overprinting)
taxa (Kázmér and Taboroši 2012).

2.3.4

Other Small Pits

In addition to the pervasive and closely-packed
pitting that is the hallmark of eogenetic karren,
there are many other examples of pit-like karren
occurring in isolation or clusters. They belong to
a wide variety of genetic origins and are common in coastal areas as well as in inland karst.
Examples include small dissolutional pits that are
commonly observed on floors of marine notches
(Fig. 2.3a), beachrock deposits (Fig. 2.3b), and
other bedrock at sea level. The last is especially
true of very high latitudes, where cm- and dmscale dissolutional pits (Fig. 2.3c) are the predominant secondary texture in coastal limestone.
They have been given the name of bowl karren
(Holbye 1989) and are typical coastal karren of
arctic coasts, being well developed only in the
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wave swash zone and immediately adjacent areas
above (Lundberg and Lauritzen 2002). Small pits
of any origin can be further enlarged by dissolution to produce solution pans (see next section), or expanded by other processes, notably
mechanical force (see potholes further in text)
and bioerosional activity (see bioerosional textures further in text). Salt weathering produces
clusters of tafoni pits that mimic karren on shore
platforms (Matsukura and Matsuoka 1991).

2.3.5

Solution Pans

Solution pans are idiosyncratic features of coastal
karst (Emery 1946). They are circular, elliptical,
or irregular in plan view, and are clearly distinguished from pits and other topographically
enclosed depressions by two key characteristics.
Their hallmark is conspicuously flat or almost
flat bottom (floor) that always has horizontal or
nearly horizontal original orientation. In addition,
the pans’ walls are steepened by undercutting and
may posses a corrosion notch at the base which
creates an overhanging edge around the perimeter. Individual pans are typically on a decimeter or
meter scale, with diameters several times greater
than depth. Synonyms used for this form in karst
literature include solution basins, tinajitas, and
kamenitzas (Cucchi 2009). Solution pans are especially common in coastal karst and may be
entirely absent from inland areas, such as is the
case in the Mariana Islands (Taboroši et al. 2004).
They are common in the wave spray zone of most
karst coasts. In the tropics, they are ubiquitous in
pinnacled terrain and fields of eogenetic karren
reached by wave splash and spray (Fig. 2.3d),
and are also recurrent in the topographically-lessdissected coastal rocks around the Mediterranean
and in temperate regions (Fig. 2.3e).
Solution pans are initiated in depressions
where organic detritus and evaporation residue
accumulate on the floor and cause dissolution
to be even and slow downward but focused
and strong around the perimeter (Ford and
Williams 1989). In coastal settings, they are
regularly filled with wave splash and rainwater in
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Fig. 2.3 Pits, pans, and other circular-plan coastal karren
features. (a) A group of small coalescing pits in the coastal
bench, approximately at high tide level, Bali, Indonesia
[tape measure is extended 20 cm]; (b) Shallow smoothfloored pits formed in Holocene beachrock, Guam, exhibit
yellow coloration because they provide regularly wet
microenvironment for epilithic algae [scale bar is 15 cm];
(c) Bowl karren and smaller cm-scale pits dominate the
coastal erosional ramp in marble, on Helgeland coast,
northern Norway [ruler is 20 cm long] [photograph and
© by Stein-Erik Lauritzen]; (d) Active solution pans
with overhanging rims, formed in Pleistocene eolian deposits, Puerto Rico; (e) Active solution pans with characteristically flat floors and overhanging rims, Baix des
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Guix, Menorca, Balearic Islands [photograph and © by
Ignacio Benvenuty Cabral]; (f) Solution pans with coral
fossils (gray, indicated by black arrows) and paleosol
pockets (brown, indicated by white arrows) protruding
from otherwise flat floor (beige), coast in Santo Domingo,
Dominican Republic; (g) A cup-shaped pothole with a
well-rounded cobble acting as abrasion tool, in beachrock,
Puerto Rico [ruler is 30 cm long]; (h) A pothole undercut
by erosion of the marine notch, Boracay, Philippines; (i)
Numerous holes eroded in Quaternary calcarenite and
residual pinnacled relief, within wave swash zone in a
very exposed location at Isabela, Puerto Rico [scale bar
is approximately 30 cm long]
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different proportions. Due to regular wetting and
drying, chemistries of waters that accumulate in
the pans are highly variable both temporally
and spatially (Emery 1946, 1962) but, their
starting point being seawater, are generally
considered to be saturated with respect to
CaCO3 (Schneider 1976). Occasional freshwater
pooling during rains or rainwater input into
seawater pools can cause some dissolution, but
not on such a grand scale to make solution
pans so common on karst coasts, including in
very arid regions. Extreme microenvironmental
variability makes this habitat too stressful for
anything but specialized microbes, notably
cyanobacteria. It is thought that physiological
activity of these autotrophs, specifically absence
of photosynthetic CO2 consumption during
nighttime, causes the water to be temporarily
undersaturated and boosts dissolutional potential
of pooled water (Schneider 1976).
Over time, wetting and drying causes the
pan floors to become cemented, which leads
to selective widening of the pan and creation
of the overhanging rim. Originally circular
or oval-shaped pans amalgamate to create
irregularly-shaped compound features that often
reach several meters across. Occasionally,
lithologic heterogeneities in limestone may be
left protruding from the flat floors due to being
slightly more resistant to dissolution (Fig. 2.3f).
In places where evaporation rates exceed filling
rates, the pans may contain deposits of sea salt.
In places where filling rates are faster than
evaporation rates, pans may develop outflow
channels that conduct spillage water back to the
ocean or a pan at a lower elevation. Pooling
of water ceases only when lowered floor of a
pan intercepts a joint, bedding plane, or another
feature where water can easily escape. It is this
lowering of pans’ floors and overall deepening of
depressions that contain them that is considered
one of the key geomorphic factors producing
the rough pinnacled terrain (Gómez-Pujol and
Fornós 2010) typical of many coastal karsts,
especially in eogenetic limestone. Pinnacles,
ridges, and other residual relief is, to some
extent, what is left behind as undissolved material
between various solution pans.
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It should be noted that solution pans are
limited to supratidal areas where there is irregular
input of seawater by wave splash and spray. Any
similar depressions found in intertidal areas are
either former solution pans colonized by marine
algae and invertebrates or depressions created by
bioerosive action and turned into tidal pools (De
Waele et al. 2009). Sea urchins, in particular,
can excavate rather flat-floored and laterally
expanding basins reminiscent of solution pans
(Kázmér and Taboroši 2012).

2.3.6

Potholes

Potholes are erosional features that are widely
reported from fluvial channels incised in bedrock
(e.g. Whipple et al. 2000). They are also found
in marine coastal settings and were described
early on (e.g. Wentworth 1944; Abbott and Pottratz 1969; Tschang 1966). They are roughly
bowl-shaped depressions eroded by moving water (Richardson and Carling 2005). Consequently,
they are neither karren nor karst, though marine
potholes may be considered pseudokarst when
they form in limestone. They are included in
this chapter because they are rarely discussed in
literature (see review by Dionne 1964) despite being very common on limestone coasts. They can
also be confused with solution pans, which are
true karst features. The main distinction between
them is that potholes tend to have concave floors
and lack any undercutting and corrosion notches
(Fig. 2.3g). Marine potholes develop in zones
of breaking waves where sand, gravel, pebbles,
and cobbles are trapped within depressions and
repeatedly swirled by vortices, acting as abrasion
tools that physically excavate bedrock (Huggett
2007). They are most common right at or just
above the sea level in rocks regularly scoured
by waves (Fig. 2.3h). In eogenetic rocks, particularly raised coral and algal reefs or calcarenites,
potholes can be so densely packed and rapidly
deepened that they engender an intense relief of
wave-washed sharp points and ridges (Fig. 2.3i).
In places of especially rough surf, potholes can
also develop in deeper water, down to wave-base
depths.
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2.3.7
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Projections and Casts

Uneven dissolution and mechanical erosion can
etch rock by accentuating pre-existing structural,
lithological, and mineralogical heterogeneities.
Less resistant minerals or portions will be
preferentially attacked, leaving behind various
new patterns. This is all very commonly observed
in coastal limestones where certain portions
of heterogeneous units resist dissolution better
than others. For example, on a small scale,
aragonite grains can be preferentially removed
from calcite surroundings; on outcrop scale,
interlaminated chalk and chert layers will
develop uneven textures due to their differential
resistance to erosion. Coral fossils within micrite
matrix (Fig. 2.4a), chert nodules within chalk
(Fig. 2.4b), secondary calcite veins within
fractured limestone, and rhizoliths or pockets of
paleosol (Fig. 2.4c) may all turn out as knobs,
ridges, or other positive relief features that
withstood erosion better than the surrounding
surface. If the feature is preferentially removed
due to being less resistant than the surrounding
medium, or simply falls out as a result of erosion,
it will leave behind a cast.

2.3.8

Smooth Surfaces

Though the “signature” textures of marine karst
are harshly eroded, many coastal outcrops exhibit
smooth and polished surfaces. This is typical on
limestone boulders or beachrock deposits that
are embedded in sand on high-energy beaches.
Turbulent flow of water carries sand grains in suspension and acts as “sand-paper” upon immobile
surfaces it breaks against (Fig. 2.4d), smoothening karren features in the process. Alternatively,
regularly wetted surfaces may be covered with
fast-growing turfs of green or brown algae, creating luxurious bioprotective carpets that isolate
the rock from direct impact of splash and spray.
In either case, the resultant smooth surfaces are
very distinct from karren-rich areas that may be
nearby but out of reach of polishing action of
surf-suspended sand or buffering by algae. In

addition, smooth surfaces are also encountered
in places where there is no nearby source of
sand (Fig. 2.4e). It is hypothesized that they are
promulgated by presence of very thin and nearly
stationary films of water isolating the rock from
erosive agents (Trudgill 1985). Existence of such
boundary layer of laminar flow is suggested as
the cause of some smooth rock surfaces in areas
regularly sprayed by waves (Gómez-Pujol and
Fornós 2009).
Smooth surfaces can also be produced beyond
the reach of water by “sand-papering” by windblown sand grains. The resultant features are
called ventifacts (Cooke et al. 1993) and are
most common in various lithologies in deserts.
However, they also occur in relatively homogeneous and dense carbonate rocks in coastal
settings where there is ample wind and sand
supply to act as abrasive agent (Veress et al.
2006). Diagenetically mature fine-grained limestone boulders exposed in vicinity of beaches
or coastal dunes are known to develop wind
polished facets over time (Knight 2005). Finally,
one unusual and relatively smooth texture may
form in laminated argillaceous limestones. Marls
that are recurrently wetted by waves and dried by
the sun manifest spheroidal weathering through
polygonal cracking and exfoliation of clay-rich
layers (Fig. 2.4f).

2.3.9

Fractured Surfaces

Karren and other secondary textures will be
absent in coastal areas where cliffs and scarps
retreat too quickly. If this is so, fractured
facets repeatedly replace incipient dissolutional
sculpturing and reproduce unaffected rock
surfaces. This may occur on large scale, resulting
in relatively karren-free stretches of coastline; or
on local scale, creating recently-stripped patches
devoid of karren and appearing rather featureless
in comparison with adjacent surfaces that were
subaerially exposed for longer time (Mylroie and
Mylroie 2009). With time, dissolutional textures
develop again but persist only until a major storm
or another disturbance breaks the rocks again
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Fig. 2.4 Smooth and fractured surfaces and relict karrenlike features. (a) Coral colony embedded in fine-grained
matrix of Pleistocene limestone in Okinawa, Japan; (b)
Chert nodule embedded in Cretaceous chalk near Beirut,
Lebanon; (c) Closeup of a preserved lump of paleosol
emerging from the floor of a solution pan shown in
Fig. 2.3f; note the highly pockmarked surface and littorinid snails [lens cover is 52 mm in diameter]; (d) Limestone outcrop polished by sand-laden wave swash at Ras
Al Jinz, Oman; (e) Smooth surfaces in Cretaceous limestone, just above mean sea level and regularly splashed by
waves, Sveti Marko island, Croatia [6.5 cm of the ruler is
showing]; (f) Unusual texture on the surface of Cretaceous
marly chalk subjected to wetting, drying, cracking, and
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volume changes of clay content, near Tripoli, Lebanon
[scale bar is 10 cm]; (g) Natural breakage, caused by
storm waves, in very exposed Quaternary calcarenite, with
freshly broken karren-free surface (top arrow) in color
and texture contrast with longer-exposed karren-covered
surface (bottom arrow) [ruler is 30 cm long]; (h) Small
voids created by mixing zone dissolution within limestone
and subsequently exposed by coastal erosion in Saipan,
Mariana Islands; these features should not be confused
with rock surface textures and structures [photograph and
© by John E. Mylroie]; (i) Sponge-like porosity developed
by very aggressive mixing zone dissolution in a coastal
cave, Guam; it is reminiscent of very rough eogenetic
karren
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(Fig. 2.4g). In contrast, removed clasts generally
do not renew dissolutional texturing because
they are redistributed by waves and currents.
In the process, they are subject to numerous
impacts with adjacent particles. With time, sharp
edges are broken off, and angular clasts gradually
become rounded. Roundness of clasts increases
with time of mechanical reworking and particle
size and decreases with rock hardness (Allen
1985). Limestone is softer than most rocks and
readily produces rounded and smooth pebbles
and cobbles along karst coastlines. When clasts
collide with sufficient force, they may fracture. In
heterogeneous, eogenetic limestones, fracturing
occurs along structural weaknesses and re-creates
angular and irregular surfaces. In homogeneous,
fine-grained, densely crystalline limestones,
breakage may create percussion fractures and
curvilinear facets (Bourke and Viles 1997).
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(Fig. 2.4h). For lack of better term, this is known
as swiss-cheese morphology (after Baceta et al.
2001, etc.), though spongework morphology
and boneyard morphology are also used (e.g.
Chap. 13). This type of sculpturing is initiated
exclusively within an aquifer’s phreatic zone
in areas where freshwater-seawater mixing
corrosion and microbially-mediated processes
maximize dissolution. It may be exposed along
the coast where it should not be considered
karren but a remnant feature of voids opened
by erosion and collapse. Extremely corroded
varieties (Fig. 2.4i) may be reminiscent of coastal
eogenetic karren and could be confused with it.
Care should be taken to avoid this because the
two bear entirely different paleoenvironmental
connotations.

2.4
2.3.10 Relict Morphologies
This discussion of small- and medium-scale
coastal exokarst features excludes textures and
structures that form below the land surface and
by action of groundwater. Subsoil karren (Zseni
2009), such as smooth-walled and sinuous tubes
and hollows that originally formed by slowly
moving acidic water beneath a cover of soil and
vegetation, can be exposed along modern coasts
by erosional retreat and are often encountered
in recently barren erosional surfaces on upper
shore platforms and in the walls of marine
notches. In general, subsoil karren co-occur
with pockets of lithified soil. Once exposed to
subaerial weathering, both are overprinted by
various karren, particularly prolific small pits
and sponge-like corrosion features that readily
develop in carbonate-rich paleosol (Fig. 2.4c).
A somewhat similar, though more extremely
dissolved, type of cavernous weathering (see
Ford and Williams 1989) forms by highly
aggressive dissolution within halocline zone,
particularly in cenotes and flank margin
caves (Mylroie and Carew 1990). It involves
sponge-like porosity, with numerous completely
penetrating holes and often rough edges

Bioerosional Textures

Bioerosional textures are karren-like traces made
directly by living organisms that penetrate or
otherwise damage rock surfaces. Substrates are
attacked by mechanical means (Ansell and Nair
1969) – using teeth, shell, spines, and other organs, as well as by chemical means – via production of metabolic acids or excretion of ligands and enzymes. In terms of mechanics of
rock destruction, organisms engage in boring,
rasping, scraping, drilling, and other activities,
which leaves behind a great variety of bioerosional markings, including some that are highly
distinct. This makes them potentially valuable
tools in paleoenvironmental interpretation when
taxon and behavior of organism that made them
can be identified. Bioerosional textures are classified here by general architecture of features,
though more rigorous studies systematize them
into ichnofossils that are assigned names based
on behavior and identity of perpetrating organism
(Ekdale et al. 1984).

2.4.1

Microborings

Coastal limestone surfaces are overrun by microorganisms living in several ecological guilds.
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Epilithic microbes produce rock surface biofilms,
chasmolithic and cryptoendolithic microbes inhabit existing cracks and pores within the substrate (Ginsburg 1953), and true endolithic microbes penetrate into the rock and produce bioerosional traces referred to as microborings. The
term micropits is also used, especially for superficial markings as opposed to deeper holes, and
though it tends to describe solutional microtopography, it largely overlaps with microscopic
biogenic boreholes when gravitational control
is not evident (Gómez-Pujol and Fornós 2009).
Despite being ubiquitous, microborings (or micropits) are generally not visible to the naked
eye due to their sub-millimeter size. Instead, they
are studied in petrographic thin sections and by
scanning electron microscope (SEM). There are
countless species-specific morphologies, which
often correspond to body outlines of producing
organisms and can be recognized as belonging
to a certain taxon (Glaub et al. 2007). Main
groups of organisms that bore into limestone
substrates of coastal and nearshore environments
are cyanobacteria, algae, and fungi. They attack
the substrate by chemical means via production
of acids and chelating compounds or manipulation of photosynthetic and respiratory activities during daily cycles (Tribollet 2008) or by
physical action of hyphae (Chen et al. 2002).
They bore into rock in order to escape environmental stresses and predators. Photoautotrophic
microbes remain ecologically limited to nearsurface layers reached by light, as filaments retain
connections with the surface (Trenhaile 1987).
They can thoroughly pervade rock down to what
is known as light compensation depth (Torunski
1979), below which respiration exceeds photosynthetic assimilation. This was seen in microscopic thin sections to be about 1 mm (Horwitz and Roberts 2010) and is not expected to
exceed 1 cm (De Waele and Furlani 2013). In
contrast, heterotrophic endoliths develop deeperboring behavior because they do not have requirements imposed by photosynthesis. Schneider (1976) distinguished the two and considered
shallow borers not true endoliths. He called them
cariants – microorganisms that produce surface
pitting and corrode the rock surface to give it
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a decayed (carious) aspect. They are instrumental in the formation of highly irregular, gravityindependent forms of karren. Deep microborings are the domain of heterotrophic endoliths,
fungi in particular, which are known to drill
into coastal limestone to depths of 0.5 m and
produce stromatolite-like structures via trapping
and binding of carbonate by calcified spores and
filaments within the rock (Duane et al. 2003).
The products of combined activity of
microborers, both cariants and true endoliths,
can be observed along carbonate coastlines
in many parts of the world. Microborers can
colonize all carbonate substrates but locations
and intensity of their activity in specific places is
controlled primarily by pressure from predators,
and spatial and temporal availability of water
and light (Kleemann 2001). In the intertidal
zone, cyanobacteria and algae bore into the
substrate primarily to escape predation by
invertebrates that feed on them (Schneider and
Torunski 1983; Tribollet 2008). This provokes
bioerosional attack by mollusks, echinoderms,
and other algivorous organisms which acquire
food by destroying the microbe-inhabited top
layer of rock, already structurally weakened
by microborings. In turn, the microborers are
stimulated to penetrate deeper into the substrate.
The combined action of microbes and their
grazers results in extremely effective synergistic
bioerosion concentrated in the intertidal zone
and leads to production of large scale erosional
morphologies, notably erosional benches and
notches (Torunski 1979).
In the constantly wetted and dried zone of
wave splash, microbes, algae, and fungi bore
into the substrate in order to find a more stable
microenvironment buffered from the stresses of
high insolation and desiccation. Microbial infestation decreases rock strength and increases
surfaces exposed to dissolution and other corrosive processes, helping produce the extremely
corroded forms. SEM studies have shown that
rock surfaces bored by cyanobacteria and algae
can have up to 50 % void space, resulting in
extremely fretted rock textures (Trudgill 2003).
Eogenetic karren, in particular, can be considered, to some extent, a large-scale by-product
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of rock infestation by filamentous cyanobacteria
(Folk et al. 1973; Jones 1989) and legion of other
microbes (Duane et al. 2003). It is so perforated
by microbes that profusion of tiny (under millimeter in diameter) circular holes, named alveoli
(Moses 2003), can be seen by the naked eye.
In some places, coastal karst may exhibit lightoriented rock textures referred to as photokarren
(Simms 1990) and considered to be relatively
pure by-products of photosynthetic microborers.

2.4.2

Dark Belts and Patches

Surfaces of rocks that are home to prolific microbial communities can often be identified by
the naked eye because they appear as stained,
usually darker, patches compared to otherwise
pale limestone rock. This is familiar from fractured coastal limestones, where cracks in the
rock develop a darker hue due to being preferentially colonized by microbes (which respond to
microenvironmental variations in shade and water availability) and give a web-like appearance
to the rock surface (Fig. 2.5a). On more uniform rock surfaces, microbial colonization can be
more haphazard and creates random dark patches
that coalesce over time. Darker patches are often accompanied by a difference in microrelief,
with depressions forming in places where the
top layer of rock was colonized and gradually
destroyed by microbes (Fig. 2.5b). This results
in surface lowering and augments color contrast with the surrounding rock. On the large
scale, microbial colonization is readily apparent
in microenvironments that are periodically, but
not permanently, wetted by sea water, resulting
in the darkest rocks being localized to upper
intertidal and lower supratidal zones. Below it are
yellowish-brownish colored rocks colonized by
marine algae and grazed upon by invertebrates
(Fig. 2.5c). In places with low wave energy,
microenvironmental zonation is tightly controlled
by tidal wetting regime and produces narrow and
sharply-defined dark-colored belts parallel to the
sea level in intertidal and wave splash zones.

Laterally extensive belts of differently-colored
rock at and just above the water level are a familiar feature of many temperate limestone coasts
(Fig. 2.5d).
In addition to continuous belts, localized dark
patches form in places of intense surf and tend to
expand along topographic lows and fractures in
rock where wave splash pools or flows. Despite
ubiquity, these dark areas appear to have had no
geomorphic term assigned to them. Local names
used along the northern Adriatic coast are mrkine
and variants (Lovrić et al. 2002). Comparable
color-belt zonation can also be observed in the
tropics (Fig. 2.5e). Folk et al. (1973) described
their coastal “phytokarst” in the Cayman Islands
as having black color, quite unlike the light color
of rock surfaces inland. In the Bahamas, several
color belts have been noted. Intertidal areas that
are regularly wetted are known as the “yellow
zone” and those less wet in the supratidal zone
are “dark zone” or “black zone” (Mylroie J,
2012, personal communication). Further inland is
the “light zone” in which wetting by sea water
is uncommon (Mylroie and Mylroie 2009). The
color contrasts derive from microenvironmentally
determined differences in microbial assemblages
(Fig. 2.5f), which, directly or indirectly also affect the rock texture. The wave-splashed “yellow zone” will exhibit bioerosional scars made
by individual marine invertebrates, the sprayed
“black zone” will be extremely corroded with eogenetic karren, and the dry “light zone” will have
somewhat smoother, less pitted texture. In the
humid tropics, the black color of cyanobacteriarich coastal limestones is so intense (Fig. 2.5g)
that it places broad swathes of coastline in stark
contrast with inland rocks. Depending on local
conditions, these “black zones” abruptly terminate at the limit of normal sea-spray wetting or
lack distinct boundaries as they imperceptibly
transition into cyanobacteria-poor “light zone”
rock surfaces inland (Taboroši et al. 2004). The
acquired microbial coloration of rocks is most
apparent in places of abrupt microenvironmental change (Fig. 2.5h) or when juxtaposed with
freshly broken surfaces (Fig. 2.5i).
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Fig. 2.5 Texture and coloration pattern developed in
coastal karst rocks by microbial action. (a) Fractured surface of Cretaceous limestone approximately 0.5 m above
sea level shows that cracks are preferentially colonized
by microbes and gradually develop a darker color and
lower relief than the main body of the rock, Sveti Marko
island, Croatia [scale bar is approximately 15 cm long];
(b) Corrosion of light-colored and smooth surface of
Cretaceous limestone exposed within wave splash zone
and the gradual development of a darker, pitted surface
colonized by endolithic microbes, Sveti Marko island,
Croatia [small water bottle cap for scale]; (c) Vertical zonation in rock color and texture observed at the
same location as in the previous photograph: yellowishbrownish area at the base is regularly wetted by tides and
exhibits rich algal coating and some rough bioerosional
surface, dark area above is dry but wetted by enough
spray to support colonies of rock-corroding microbes, and
the light-colored smooth area at the top is the original
rock surface largely unaffected by marine and biological
erosion [scale bar is 15 cm and its position marks the
sea level at the time the photograph was taken]; (d) A
broader view of the same general location as the previous

35

two photographs; (e) Horizontal belts showing different
rock color and texture along the coast of Guam: intertidal
yellowish-brownish belt with epilithic algae grazed upon
by marine invertebrates, lower supratidal dark belt with
endolithic cyanobacteria beyond the reach of most marine
predators, and uppermost light-colored rocks whose surface is similar to those of inland rocks; (f) Differential
coloration of the surface of coastal eolianite in the Bahamas, as produced by differences in microenvironmental
parameters and ensuing microbial communities [photograph and © by John E. Mylroie]; (g) Originally lightcolored coastal limestone that acquired nearly black color
due to infestation by epilithic and endolithic microbes,
Guam; (h) Supratidal Pleistocene reef limestone in Guam
with pronounced color contrast between biofilm-poor grey
surface that was relatively recently uncovered by natural
removal of beach sand and the longer-exposed biofilmrich brown surface [scale bar is 20 cm long]; (i) Color
contrast between biofilm-covered dark-colored exposed
surface of Pleistocene eolian calcarenite and its freshlybroken light-colored interior, coast near Cueva del Indio,
Puerto Rico
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Raspings and Scrapings

Mollusks, echinoids, crabs, and other animals
feeding on rock surface biofilms, turf algae, and
endolithic microbes engage in superficial forms
of mechanical erosion. Chitons have extremely
hard teeth capped by magnetite; and limpets and
possibly other gastropods have radulas that contain silica and goethite (Stone et al. 2005). This
imparts hardness far greater than calcite and aragonite substrates and allows the animals to easily
remove uppermost layers of rock as they graze
upon them. Rasp marks engraved into the substrate by chitons are prominent (Fig. 2.6a) and are
usually shaped as meandering or straight paths
of longitudinal grooves (Wisshak 2006). Ingested
material is processed to remove nutrients and
is then excreted as whitish fecal pellets, composed of as much as 96 % pulverized CaCO3
(Rasmussen and Frankenberg 1990). Analysis of
pellets of limpets has shown that they consume
up to 5 g of substrate per year per individual,
causing up to 0.5 mm of surface lowering per
year (Andrews and Williams 2000). Littorinid
snails (winkles) also “scrape a living” (Norton
et al. 1990) by feeding on algal biofilms. They
lack a mineralized radula (Spencer 1988) and do
not seem to leave individual traces visible to the
naked eye. However, they can remove carbonate
grains loosened by other agents and are effective in destroying weakened rock (see Fig. 2f)
fraught with microborings by cyanobacteria upon
which they feed (De Waele and Furlani 2013).
Echinoids have a highly specialized, pentaradiate
chewing organ consisting of five united jaws and
known as the Aristotle’s lantern. As they graze
upon a rock, they leave characteristic star-shaped
pattern of grooves. The tip of each jaw bears
a rapidly growing calcite tooth to balance for
loss during rasping. In addition, echinoids rely on
their tough spines to fasten themselves in their
hiding places and may scrape surrounding rock
in the process. Some crabs can also abrade limestone surfaces in search of food. For example,
scratches made by grapsid crabs (Fig. 2.6b) are
usually the only visible bioerosional markings in
supratidal areas that cannot be reached by less
motile invertebrates.

2.4.4

Homing Places

Many rasping and scraping bioeroders create
their own resting sites in the rock. Chitons
produce pronounced pits that accommodate own
body size and represent an individual’s long term
residence (Fig. 2.6c). They make regular journeys
away from these homing scars in order to graze
on surrounding rocks, but return to the exact
spot they previously inhabited. Limpets also live
in self-made scars that correspond exactly to the
size and shape of an individual’s shell (Fig. 2.6d).
Many echinoids, such as Paracentrotus in
temperate regions and Echinometra in tropical
regions excavate individual hiding boreholes
(Fig. 2.6e) and expand them during their lifetime
(Fig. 2.6f). Some sea urchins even engage in
gardening of algal turf within their boreholes
(Asgaard and Bromley 2008) so their homes may
contain a hiding hole for protection and extended
V-shaped (Fig. 2.6g) or winding galleries that
host algal gardens on which the animal feeds
(Fig. 2.6h). Deepening and coalescence of
adjacent cavities may produce undercut ledges
and widening of the gardens eventually creates
meter-scale echinoid-made tide pools (Fig. 2.6i)
that further amalgamate and become major
intertidal features and unique habitat for other
organisms (Schoppe and Werding 1996).

2.4.5

Borings

Many invertebrates bore into rock in order to live
within it, mostly for protection from predators.
They create boreholes that completely and permanently house the occupant. These structures in
hard substrate are not to be confused with burrows in soft sediment. Typical endolithic organisms that create boreholes in coastal limestones
are certain bivalves, barnacles, sipunculid and
polychaete worms, echinoids, etc. Organisms can
often be identified based on the type and shape
of the borehole opening in the rock surface. In
some cases, organisms (such as worms and crustaceans) penetrate living substrate (such as coral
and coralline algae) and allow their entry holes to
be sealed by the host’s growth, leaving behind no
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Fig. 2.6 Rasp marks, scrape marks, and home scars produced by invertebrates in intertidal limestone. (a) Texture
formed in the floor of a marine notch exposed to long-term
grazing by chitons, Railay, Thailand; (b) Fresh grazing
marks left by grapsid crabs in the dark-colored epilithic
biofilm on supratidal rocks, Guam; inset shows lightcolored CaCO3 -rich crab fecal pellets from the same
location, at the same scale; (c) Chiton homing scars,
only one occupied, during low tide, Palau; (d) Limpets
clinging to wave-splashed rock in intertidal zone, Guam;
note the color and texture contrast between unoccupied
homing scars and surrounding rock [flashlight is 12.5 cm
long]; (e) Boring sea urchins in own cavities, Okinawa,

Japan [tape measure extended 19 cm]; (f) Fossil cavities
originally made by sea urchins and now seen in the
roof of an uplifted marine notch, Railay, Thailand ; (g)
Boring sea urchin hiding in a self-made borehole whose
V-shape was created by regular grazing, Okinawa, Japan
[image width is 16.5 cm across]; (h) Adjacent trough-like
boreholes created by sea urchins that graze regularly in
“algal gardens” that grow within, Okinawa, Japan [tape
measure extended 20 cm]; (i) Large tidal pans formed
by amalgamation of numerous sea urchin cavities; their
perimeters are overhanging and colonized by sea urchins
whose activity continues to expand the pans’ size, Okinawa, Japan

surface expression. This results in fully enclosed
boreholes known as embedment cavities.
Best known rock-boring bivalves belong to
the Lithophaga genus, whose Greek name means

“rock eater.” They use chemical or physical
means to create deep club-shaped cavities that
accommodate the shell and increase in diameter
with the growth of the organism (Wilson 2007).
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The boreholes have openings to the rock surface
in order to provide access to seawater that
these filter-feeders require. Their characteristic
dumbbell-shaped surface expression corresponds
to the organism’s inhalant and exhalant siphons
(Fig. 2.7a). Infestation by Lithophaga bivalves
enhances erosion of coastal rocks by making the
often densely-riddled rock very susceptible to
fracturing and breakdown. Original openings are
quickly lost with erosion and lowering of the
rock surface, which reduces boreholes (Fig. 2.7b)
to shallow pits (Fig. 2.7c) and pockmarks
(Fig. 2.7d) before obliterating them. Similar
holes are produced by Hiatella arctica in coastal
limestones of arctic regions (Brookes and Stevens
1985). In the tropics, Tridacna bivalves make
larger, lenticular holes to whose bottoms they
are permanently attached and which have wide
amygdaloid openings through which the shell
walls and animals’ soft tissues are clearly visible
(Fig. 2.7e). Rock-boring barnacles, notably
Lithotrya genus, live a similarly sessile lifestyle.
They create cylindrical or pouch-shaped holes
with surface openings and remain attached to the
bottoms of their holes. A diagnostic feature of
their boreholes is an oval cross-section (Ahr and
Stanton 1973). Boring sipunculid and polychaete
worms produce boreholes that are generally
thinner than those of bivalves and barnacles
(Trudgill 2003). Deposit feeding worms may
create U-shaped or winding domicile tunnels
(Liu and Hsieh 2000). Their width corresponds to
body size but longer length allows an individual
to move throughout and collect detritus trapped
within. The characteristic surface expression of
worm boring are paired openings (Fig. 2.7f).

2.4.6

Complex Networks

Over time, intensive boring by bivalves, worms,
and other invertebrates may reduce a host rock
to a hollow mass full of holes. Truly spongelike interconnected network of voids, however, is
the signature pattern of none other than boring
sponges. These sponges, notably Cliona spp., are
known to penetrate calcareous substrates such
as rock and shells and produce interconnected

networks of voids whose overall morphology is
reminiscent of sponge’s own anatomy (Ekdale
et al. 1984). From the outside, sponge borings
appear as numerous mm-scale apertures in rock
surfaces (Fig. 2.7g), which, if the surface is broken, reveal connections to complex internal networks of chambers (Fig. 2.7h). While the sponge
is alive, brightly colored sponge tissue can be
seen emerging from the openings or entirely
coating the rock surface. Upon death, the lattice
eventually collapses to carbonate “chips” which
are redistributed as sediment (Wilkinson 1983).

2.4.7

Etchings

Some organisms attach themselves to a hard rock
substrate but do not significantly penetrate into
it. When removed, they may leave characteristic
markings etched in the rock surface. Scars left by
sessile epilithic organisms permanently attached
to rock substrate are known as etchings (Ekdale
et al. 1984). They are commonly produced by
bryozoans, bivalves, brachiopods, and barnacles,
and only in sites where an individual was affixed
to the substrate. They are seen in coastal carbonate rocks only after the individual has died
and been removed. The morphology of etchings
varies with species, but they are usually difficult
to notice due to overprinting by more significant
bioeroders.

2.4.8

Drill Holes

Finally, an interesting type of bioerosional trace
is produced by predatory gastropods that feed
on bivalves. They produce circular drill holes
commonly seen in sea shells on sandy beaches
(Fig. 2.7i). Drill holes are not observed in rock
substrates because their purpose is to provide
access to the soft tissue of living prey. If the
process is not completed, there may be a partial
excavation (Wilson 2007). Predatory drilling is
locally common on epilithic bivalves covering
intertidal rocks (Sawyer and Zuschin 2010) and
thus contributes to coastal erosion by disrupting
the bioprotective layer. In addition to gastropods,
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Fig. 2.7 Boreholes produced by invertebrates in intertidal limestone. (a) Cluster of actively-bored bivalve holes
whose dumbbell shape is an expression of the organisms’
double siphons, Railay, Thailand; (b) Limestone boulder heavily bored by bivalves (large holes) and sponges
(small holes), Istria, Croatia [hole diameter is approximately 1 cm]; (c) Rock formerly colonized by boring
bivalves whose holes have been partly eroded away, Ras
Al Jinz, Oman [finger for scale]; (d) Texture consisting
of innermost portions of former bivalve boreholes that
have been partly destroyed and reshaped by erosional
lowering of the rock surface and smoothening by waves,
Permian limestone, Phang Nga, Thailand; (e) Recently
died Tridacna bivalve in situ within its hole (lower left)
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and a vacant borehole of the same species where organism
has been removed by erosion but the impression of the
commissure of its shell valves remains (indicated by
arrow), Palau; (f) Wave-rounded piece of coral exhibiting
small boreholes with paired openings thought to have
been made by worms, Socotra, Yemen; (g) Numerous
small-diameter boreholes created and used by a boring
endolithic sponge to interface with the outside environment, Kraljevica, Croatia; (h) Honeycomb-like galleries
that used to host the main body of a boring sponge, as
revealed by natural breakage of the surface rock layer,
in the same location as the previous photograph; (i) Drill
hole made by a predatory gastropod in a shell of a living
bivalve, Hokkaido, Japan
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spionid polychaetes also drill into bivalve shells
and can interfere with health of intertidal mollusk
beds (Wargo and Ford 1993).

2.5

Depositional Features

Like all interfaces of land and the ocean,
karst coasts can be predominantly erosional or
depositional depending on the local conditions.
As discussed above, erosion can take numerous
forms resulting from physical action of the
ocean, chemical processes of karstification,
and biological effects of biota. These suites of
processes can be locally reversed to produce
the opposite effect: accumulation of calcium
carbonate. This is reflected in deposition of
loose sediment, cementation and lithification of
sediment, precipitation of calcium carbonate, and
bioconstruction (discussed in the next section).

2.5.1

very coarse limestone blocks which accumulate
along rapidly eroding karst coastlines, typically
as talus deposits at the bases of retreating cliffs
and collapsing caves. This includes boulder-sized
colluvium induced by rockfall (Fig. 2.8d).

Loose Sediment

Karst coasts commonly include sites of clastic sediment accumulation. Sand in karst settings is composed of predominantly carbonate or
of mixed carbonate-siliciclastic material. It may
include land-derived limestone clasts, bioclastic material composed of whole and fragmented
skeletal grains (Fig. 2.8a), locally precipitated
ooids, peloids, as well as other particles, including non-carbonate components (see overview of
carbonate beaches by Richmond 2002). Bioclastic material may account for 100 % of deposits on
some coastlines, particularly on atolls and other
low carbonate islands. Lower energy settings,
such as deeper parts of reef lagoons, mangrove
swamps, and some tidal flats, acquire deposits
of calcareous mud (Fig. 2.8b). It derives from
physical breakdown and biogenic micritization
of larger particles, as well as biotic and abiotic precipitation of micrite directly (Reid et al.
1990). Higher energy beaches and shallows, e.g.
on windward sides of carbonate islands, contain
carbonate gravel and cobbles. Those are usually
made of limestone clasts, pieces of coral and
algal buildups (Fig. 2.8c), and whole or broken bivalve and gastropod shells. There are also

2.5.2

Cemented Features

Beach sand (as well as mud and gravel, e.g.
Scoffin 1970) can become cemented by locally
precipitated cements and turned into lithified deposits known as beachrock. Beachrock is recurrent in, but not restricted to, coastal karst areas
and usually involves poorly-sorted grains and
cement of aragonite or high-Mg calcite (Scoffin
and Stoddart 1983). It typically takes the form
of consolidated, layered beds or slabs that gently
dip toward the sea at the approximate angle of
original beach slope (Fig. 2.8e). Beachrock develops through physicochemical precipitation of
aragonite and calcite from seawater (Stoddart and
Cann 1965), groundwater, sediment pore water
(Hanor 1978), and microbial activity (Krumbein
1979) occurring at sea level and beneath beach
sand. Beachrock is subject to corrosion as soon as
it is exposed (Revelle and Emery 1957) and develops numerous karren and bioerosional markings. Somewhat related deposits are eolianites
(Fig. 2.8f), which are also a common feature of
karst coasts and develop from well-sorted, windtransported sand particles that become cemented
by calcite precipitated from downward percolating meteoric water in a vadose environment,
above the sea level (Russell 1962).

2.5.3

Littoral Tufa

Calcareous tufa deposits are friable deposits
of calcium carbonate, somewhat reminiscent
of chalk and travertine. There exists a unique
type of calcareous tufa that is found exclusively
in coastal karst settings (Taboroši and Stafford
2004). The basic mechanism of tufa formation
is similar to that which gives rise to speleothems
(see Dreybrodt 1988), but is driven by water
evaporation and biotic processes in open
atmosphere instead of groundwater degassing
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Fig. 2.8 Depositional and precipitated features along
karst coasts. (a) Carbonate sand, composed of bioclastic material, produced by breakdown of mostly mollusk
shells, and a small admixture of terrigenous siliciclastic grains, Ras al Jinz, Oman [scale bar is 3 cm]; (b)
Calcareous mud and fine sand from mangrove-protected
landward edge of a small cay, La Parguera, Puerto Rico;
(c) Carbonate gravel composed of coral, algal, and molluskan fragments, from seaward edge of the same cay
as in the previous photograph; (d) Talus of collapsed
boulders produced by breakdown of a flank margin cave
in Guanica, Puerto Rico; (e) Slabs of beachrock, occurring
in several layers and matching the current dip of the

beach slope, Guam; (f) Cross-bedded eolianite deposits
of Tamala Limestone, Australia [photograph and © by
S. K. Lowry]; (g) Marine-influenced tufa deposit, reminiscent of cave flowstone, covering the back wall of
a raised marine notch in Tinian, Mariana Islands; note
that tufa deposition occurred subsequent to bioerosional
pockmarking of the rock surface; (h) Speleothem-like
deposit of tufa in a raised marine notch at the same general
location as the previous photograph; (i) Unusual deposit of
tufa with coralloid surface and growing under conditions
of regular and vigorous wave splash in an active marine
notch, Tinian, Mariana Islands

and slow inorganic growth of sparry crystals
inside caves. Because carbonate precipitation
from saturated waters at the land surface is
rapid, it results in poorly arranged and randomly

oriented microcrystalline aggregates. Calcareous
tufa typically forms in karst springs, streams,
waterfalls, and some cliffs and cave entrances, but
the special littoral subtype of tufa is commonly
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encountered in the roofs and walls of marine
notches in the humid tropics (Fig. 2.8g). Its
main distinctions from other types of tufa
are speleothem-like (Fig. 2.8h) and especially
coralloid morphologies (Fig. 2.8i), often almost
purely aragonitic composition, and the presence
of rich communities of halophilic microbes (that
tolerate or necessitate the presence of seawater).
Littoral tufa is often not recognized as an in
situ actively forming notch deposit and has
been neglected by researchers (but see study
by Jones 2010). Its major significance is that
diagenetic changes can transform it into deposits
hardly distinguishable from old speleothems,
complicating the field interpretation of raised
marine notches vs. breached flank margin caves
(Taboroši et al. 2006; Reece et al. 2006).

2.6

Bioconstructional Features

The vast majority of carbonate precipitation
in the coastal zone is biologically driven.
Plenty of marine taxa produce biomineralized
skeletons which become loose sediment upon
the organism’s death. Some groups, however, are
also capable of building free-standing calcium
carbonate structures. Such bioconstructions
occur in both shallow and deep waters, and
include features as diverse as stromatolites,
microbialites, rhodoliths (Basso and Tomaselli
1994), Halimeda bioherms (Orme and Riding
1995), sponge reefs (Conway et al. 2005), byssal
mats (Frey 1973), and of course, algal and coral
reefs (Hopley 2005a). In this discussion, we are
concerned only with small- and medium-scale
features that develop directly upon littoral rock
and as integral parts of coastal karst settings.
This typically involves organisms that live
colonially or in aggregates, lead sessile lifestyles
on benthic substrate in intertidal or shallow areas,
and reproduce and grow relatively quickly. In
the majority of cases, these are coralline red
algae, bryozoans, serpulid and sabellarid worms,
vermetid snails, and oysters. They produce
encrusted rock surfaces and different types of
unattached CaCO3 concretions and buildups.
In addition, mussels and some other bivalves

produce organic filaments to attach themselves
to substrate and cover subtidal and intertidal
bedrock.

2.6.1

Encrustations

Original rock surfaces of many intertidal
carbonates at all latitudes cannot be examined
directly due to rife biogenic encrustation. Some
rock encrusters can occupy large areas and
impart new morphological, biological, and
geological characteristics upon the environment
they settled. Probably the most widespread
encrusters along karst coastlines are coralline
red algae, which colonize and thoroughly cover
substrates by growing to fuse together into
dense and rigid coatings (Fig. 2.9a). As they
expand, they follow the relief of the substrate by
folding over microtopography and overlapping
to produce multiple and partly fossilized layers
(Giaccone et al. 2009). The resultant covering
may be monospecific (e.g, Lithothamnion in
temperate areas, Porolithon in the tropics) under
some circumstances (e.g. in ecologically narrow
niches). More commonly, encrusting organisms
interact with adjacent encrusters to develop a
polyspecific patchwork and sometimes even
cover and entomb other organisms. Coralline red
algae are limited by their phototrophy to shallow
settings and are widespread in high-energy
environments. Some species are extremely
prolific on very exposed coasts and are often
the only sessile organisms sufficiently tough
to withstand constant surf. They have very
narrow range around mean sea level and are
considered excellent zero-elevation indicators
(Laborel et al. 1994). In low-energy conditions,
algae are able to modify their building technique
and switch from thick encrustations to various
erect and branching structures (Fig. 2.9b). They
can also grow as unattached concretions that
freely roll with water movement along the bottom
(rhodoliths, Fig. 2.9c) and in some cases form
extensive subtidal deposits (maërl beds). Other
common encrusters are foraminifera – amoeboid
protists that may attach their calcareous shells
(tests) to a wide variety of substrates (Fig. 2.9d),
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Fig. 2.9 Bioconstructional and bioprotectional features
on limestone coasts. (a) Broken piece of beachrock thoroughly covered by a calcareous coating of coralline red
algae; it comes from a coastal freshwater spring in Guam,
where monospecific encrustations by red algae with preference for brackish water give coastal rocks in the vicinity
of groundwater discharge points unusual purple color; (b)
Beach sediment comprised almost exclusively of broken
pieces of branching coralline algae, Caroline Islands,
Micronesia; (c) Free concretion produced by red algae
without attachment to an immobile substrate, Socotra,
Yemen; (d) Deep red encrustations of benthic foraminifera

on a rock originally made by encrusting algae, Socotra,
Yemen; (e) Piece of carbonate rock consisting almost exclusively of calcareous tubes of serpulid worms, Qurayyat,
Oman; (f) Sabellarid bioherm in Natal, Rio Grande do
Norte, Brazil [lens cover is 52 mm in diameter]; (g) Wavesplashed water cascading off an intertidal bioconstruction
created predominantly by vermetid snails, near Beirut,
Lebanon; (h) Oyster ledges attached to coastal rocks and
boulders and photographed during very low tide, Socotra,
Yemen; (i) Barnacle-covered rock on a mixed carbonatesiliciclastic sand beach in Qurayyat, Oman

bryozoans – highly diverse colonial animals
whose mineralized skeleton crusts are especially
common on high latitude coasts, serpulid
worms – which secrete calcareous home tubes

attached to and winding across the rock surface
(Fig. 2.9e), sabellarid worms – whose parchmentlike tubes are armored with cemented sand grains
(Fig. 2.9f), and vermetid snails – whose hard
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shells are uncoiled and permanently cemented
to the substrate. Most of these sessile animals
are filter-feeders and their growth is boosted by
steady flow of water (Fig. 2.9g). They proliferate
in high-energy conditions at or near sea level, and
may occur in relatively pure accumulations or in
association with and as contributors to buildups
by coralline algae.
In addition to coating rock surfaces, many
encrusting organisms are capable of producing
large and long-lasting structures that dominate
the coastal zones of karst landscapes. The wavebattered outer margins of coral reefs and exposed
rocky shores are sites of algal buildups that surpass mere encrustations and raise several tens of
centimeters above the base surface. As colonies
develop and organisms persistently attach their
shells to bedrock and their antecedents’ remains,
they grow from surface coatings to irregularly
shaped raised colonies. These buildups are often
in the form of upward growing bands known as
algal ridges or algal rims (Laborel 2005). Though
they commonly grow along exposed margins of
coral-algal reefs, they are independent of coral
reefs proper. Though encrusting organisms are in
many places limited to producing epilithic crusts
(e.g., Azzopardi and Schembri 1997), they may
also, with prolific growth, create standalone intertidal and shallow subtidal reefs (e.g. boilers of
Bermuda, Ginsburg and Schroeder 1973) or, as is
common along exposed subtropical and tropical
rocky shores, substantial buildups directly upon
littoral rock in the intertidal zone (see sea-level
benches and platforms).

2.6.2

Bivalve and Barnacle Beds

In general, any sessile organisms that attach
their carbonate skeletons to substrate and live
at sufficient densities can thoroughly cover
wide areas of bedrock. Thus, many solitary
organisms, notably bivalves and barnacles, can
conceal previously exposed rock surfaces. For
example, many species of oysters have one
valve permanently cemented to the substrate and
warped to match underlying microtopography.

After death, unattached valve may break off
but the lower one remains as permanent rock
coating, upon which new oysters can settle and
grow. This is a true bioconstructional process and
may result in large ledge-shaped accumulations
(Fig. 2.9h) in the intertidal zone from temperate
to tropical coasts. If preserved, they can be used
as indicators of former sea levels.
Mussels, on the other hand, adhere to the substrate and to each other by using byssal threads.
They form tight clusters that cover rock surfaces
while individuals are alive, but are unfastened
after death. Strictly speaking, this is not bioconstruction but bioprotection (Carter and Viles
2005) as the tightly packed shells attached to
rock buffer it from erosion. In addition, they
alter topography and microenvironment (Cocito
2004), and, while minimizing exposed rock surface, increase overall surface area and provide
new substrate to be colonized and strengthened
by encrusting organisms. Mussels are more common along cool shorelines and thrive near lowtide levels (Riding 2002). They have very high
accretion rates locally and form thick beds. In
the Adriatic, for example, mussels were found
to build up in excess of 100 kg/m2 /year (Relini
2009).
Barnacles are crustaceans whose larvae settle on some marine substrate and begin sessile life within calcareous shells they secrete.
They engage in numerous specialized lifestyles,
including efficient bioerosion of live coral and
limestone (Ahr and Stanton 1973) but are best
known as rock surface dwellers in the intertidal
zone (Fig. 2.9i). In places where they cover large
patches of coastal rock substrate (Stephenson and
Stephenson 1972), barnacles act as significant
bioprotecting agents. Barnacle larvae are highly
predisposed to settle in areas where adults of
the same species are already present (Newman
and Abbott 1980), resulting in tendency to carpet extensive stretches of exposed bedrock and
minimize its exposure to bioeroding organisms.
In addition to impeding bioerosion, barnacles are
locally significant as sediment producers (carbonate sediments on the Florida shelf consist of up to
50 % barnacle shells; Milliman 1974).
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2.7

Compound Structures

The various erosional, depositional, and
constructional features discussed in this chapter
can be understood as small-scale and mediumscale components that comprise larger coastal
exokarst structures. Lundberg (2009) aptly
called the former “building blocks” and the
latter “modules”, explaining that they often
exist in a fractal-like continuum of scale. For
example, bioerosion scars produced at the scale
of individual organisms multiply to yield marine
notches – prominent scars produced at the scale
of rock outcrops. Simultaneously, as coastal
outcrops are undercut, organisms encrust parts of
eroded bedrock splashed by waves, but eventually
proliferate to build up larger bioconstructions,
including massive sea-level platforms and pools.
Beyond the direct impact of waves, but within
reach of sea spray, land surface is denuded
and covered with karren features and solution
pans, which escalate until they cover wide areas
of shore platforms with karrenfelds – barren
expanses of dissolutionally sculpted bedrock.

2.7.1

Marine Notches

The marine notch is an approximately semicircular groove, up to several meters in diameter,
that is cut horizontally into coastal cliffs and
smaller outcrops near and parallel with the
sea level (Fig. 2.10a). Its actual morphology
ranges from inconspicuous nips to deeply incised
and highly visible notches floored by extensive
erosional benches. The formation of notches
is attributed to biological erosion (AbenspergTraun et al. 1990), mechanical erosion (Wziatek
et al. 2011), and other factors (see Pirazzoli
1986). Rock textures within the notch give some
idea of the dominant mechanism: rough, heavily
scarred surfaces indicate intense bioerosion,
smoother surfaces suggest abrasion (Fig. 2.10b).
Dissolution is not expected in a marine
environment but can influence notch formation
in areas where there is much fresh groundwater
discharge (Higgins 1980).
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Marine notches are most pronounced in the
tropics (De Waele and Furlani 2013) and become
progressively smaller with distance north and
south. They can be observed in many subtropical
and some temperate (Trenhaile 1987) regions
but are absent on high latitude coasts (Lundberg
2009), presumably due to minimal bioerosion. In
addition, they are best developed in areas where
low tidal range concentrates erosional processes
in a narrow horizontal belt with limited vertical
extent. Increased tidal range will cause the notch
to be taller but less deeply incised (Lundberg
2009). Some areas exhibit a double notch (Focke
1978), with a horizontal raised lip dividing upper
and lower parts. Sloping or low cliffs undercut by marine notches exhibit visors of overhanging bedrock that periodically collapse as
notch incision progresses (Kogure and Matsukura
2010). Similarly, small islets may be entirely
circumscribed by marine notches and form mushroom rocks (Fig. 2.10c), destined to eventually
topple.
Cliffs in uplifted areas tend to exhibit fossil notches corresponding to previous sea-level
stillstands. Marine notches are thus indicators
of former sea levels (Kershaw and Guo 2001)
though the precision at which they are useful is
still discussed because their overall shape and
the precise elevation of maximum penetration
are under control of many factors. Even in relatively limited geographic areas, actively forming
notches exhibit variable architecture due to the
site-specific balance of local factors contributing
to their formation and transform laterally along
the coast as the conditions, particularly exposure
to wave energy, change. Though it has been
suggested that notches can form subtidally in
moderately exposed places (Lundberg 2004) and
supratidally in very exposed coasts subject to
highly turbulent wave action (as in many Pacific
Islands, and in the Mediterranean; Rust and Kershaw 2000), their vertical positions with respect
to the intertidal zone may result from tectonic displacement. For example, the submerged notches
in the northern Adriatic are being intensively
studied to understand whether their subtidal position indicates a tectonic change in recent times
(Antonioli et al. 2004).
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Fig. 2.10 Notches and benches on tropical karst coasts.
(a) Marine bioerosion notch, carved in Pleistocene
Ryukyu Limestone, with extensive pitting and karren
sculpturing on the floor, Misaki koen, Okinawa, Japan;
(b) Marine abrasion notch in Paleogene chalk and marl
deposits, near Sūr, Oman; (c) Small island circumscribed
by a bioerosional notch, Koror, Palau; (d) Marine notch
and a narrow erosional bench produced at its base, with
some bioconstruction evident from the way edge of the
bench floor projects outward and creates an overhang

and water cascading effect, Santo Domingo, Dominican
Republic; (e) Erosional bench transformed into a platform
with a large pool whose water surface is close to a meter
above the sea level and is held back by a well-developed
bioconstructional rampart. Pinnacled eogenetic karrenfeld
visible in the foreground, Tinian, Northern Mariana Islands. (f) Rimmed pools (vasques) on a coastal bench in
Guam; each rim is a narrow ridge where filter-feeding
vermetid snails thrive in the steady flow of water as it
drains to lower-level pool

2.7.2

bench is left behind at sea level by the receding
coast. In tropical and subtropical regions, this
bench extends seaward from and is continuous
with the bases of marine notches. Its size ranges
from narrow (<1 m wide) wave-cut benches

Sea-Level Benches
and Platforms

As coastal cliffs and outcrops are undercut and
progressively destroyed by erosion, an erosional
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with somewhat sloping and uneven floors carpeted by green and brown algae (Fig. 2.10d)
to much wider planar platforms subject to vigorous bioconstructional activity due to prolific
growth of encrusting algae and other organisms in
wave-battered environment. They tend to coat the
freshly-eroded surfaces and form thick, mostly
algal, deposits called trottoirs (this term remains
poorly defined, see Hopley 2005b). Growth of
algae is most prolific in the seaward edges of
the platforms where water flux from swash and
backwash is most constant. They build up to
produce bioconstructional ramparts that grow upward and seaward and act as dams that prevent
wave-splashed water from quickly returning to
the sea. In turn, that creates nearly-permanently
filled pools atop of the platforms (Fig. 2.10e).
The resultant platform-and-pool morphology is
known by the French term plate-form à vasques
(after the term vasque used for pools in these
settings by Debrat 1974). The pools may develop
additional sets of positive relief rims at places
of most agitated water (where the growth of encrusters, particularly vermetids (Molinier 1955)
is most stimulated). As the rims between basins
grow to unequal heights, they partition the pools
into stepwise series (Fig. 2.10f), in which higher
pools spill over to lower ones. Their growth
creates a cascading effect that further stimulates
the growth of encrusters via positive feedback at
spillover sites where water is more agitated than
in the pools’ inner parts. Concurrently, the pools
become habitats in their own right and attract colonization by organisms that include bioeroders,
notably sea urchins whose activity deepens and
widens the pools, and appear to eventually attain
a dynamic equilibrium between bioconstruction
and erosion (Trenhaile 2003a).
These complex bioconstructional features
form primarily at low latitudes and are
particularly imposing in the tropics: Caribbean
(e.g. Focke 1978; Jones and Hunter 1995),
tropical Atlantic (e.g. Kempf and Laborel 1968),
tropical Pacific (e.g. Emery 1962; Hadfield et al.
1972), and Madagascar (Battistini and Guilcher
1982). They are also found in the subtropics, such
as South Africa (Miller and Mason 1994) and
many parts of the Mediterranean (Dalongeville
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and Guilcher 1982), where, in absence of
coral reefs, they tend to be the only major
bioconstructions and are locally considered to
be natural monuments (Bressan et al. 2009). In
Southern Europe, these bioconstructions may
develop on platforms without an associated notch
profile (Gómez-Pujol and Fornós 2009) and even
in areas without an eroded platform to act as
support. They may be directly attached to cliffs
as laterally continuous ledges at or just below
the sea level. Such overhangs are known as
corniches (Trenhaile 2003b) or encorbellements
(Dalongeville 1995). In addition to encrusting
algae, some of these structures can be dominated
by other taxa, producing vermetid reefs (Safriel
1975), serpulid reefs (Bosence 1973; Glumac
et al. 2004), and sabellarid reefs (Chen and
Dai 2009). The majority, however, appear to
be polyspecific and complex, containing algal,
gastropod, polychaete, and other elements,
and varying widely in appearance based on
overall community structure, local substrate
configuration, tidal range, exposure to waves
and other factors.

2.7.3

Shore Platform Karrenfelds

Marine coasts are generally free of soil and normal vegetation up to the inland limits of regular
reach of seawater. This is irrespective of the climate and geomorphic configuration of the coast
and is true of subhorizontal shore platforms typical of tropical and subtropical regions, sloping
erosional ramps of temperate and polar regions
and vertical cliffs. All of them are characterized
by diminishing contact with seawater from the
shoreline landward (and upward): from permanently submerged subtidal zone, to periodically
exposed intertidal zone, to supratidal areas that
are intermittently wetted by wave splash and,
further inland, occasionally reached by sea spray.
Geomorphic reflection of this waning marine influence is a spectrum of different types of karren
and bioerosional scars scattered over largely barren coastal limestone surface. Such scenery can
be referred to as shore platform karrenfeld (or
coastal karrenfeld), after more general German
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term meaning “karren field”. The inland extent
of shore platform karrenfeld depends primarily
on the relative exposure/sheltering of the coast
and penetration of sea spray inland. The more
exposed an area is to surf, the wider the karrenfeld belt is expected to be, and vice versa. For
example, coastal karren are observed up to 24 m
inland at exposed sites and only 4–10 m inlands
in sheltered sites on Jurassic limestone in Mallorca (Gómez-Pujol and Fornós 2009). The actual
appearance of shore platform karrenfeld depends
on practically all factors that influence coastal
karst development and as such is subject to great
complexity of features and their arrangements.
Conceptual models are, therefore, multiple and
usually based on the general climatic setting as
one of the main overriding factors.
Along tropical and subtropical karst coasts,
shore platform karrenfeld begins at the
surface contact of the previously discussed
flat bioconstructional platform with the eroded
coastal bedrock on which it is superimposed.
This is usually accompanied by a major change
in slope, from horizontal algal-encrusted surface
to oblique wall of the marine notch or upsloping
erosional shore platform. Holes made by boring
bivalves, boring barnacles, and sea urchins in
submerged areas are replaced by marks of
intense grazing by chitons and limpets, which
relentlessly attack surfaces that are also subject
to microbial and chemical corrosion. Rocks in
this zone of wave swash are so disfigured that
bioerosional markings and chaotic karren are
overprinted and indistinguishable. Bedrock is
reduced to isolated and soon-to-be-destroyed
pyramid-shaped remnants (Fig. 2.11a). In the
zone of splash, the remaining relief is more
preserved and is often shaped as pinnacles that
are closely packed and joined at their bases by
ridges (Fig. 2.11b), containing between them
irregular pools (Gómez-Pujol and Fornós 2009).
The predominant grazers here are winkles,
which congregate in shaded areas and pits as
they feed on biofilms of epilithic and shallowboring cyanobacteria. In the zone of sea spray,
exposed rock surfaces are entirely covered by
chaotic pits, ridges, and sharp points that typify
karren of eogenetic limestones (which frequently
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dominate karst coasts of low latitudes). The
terrain is barren and almost impassable due to
razor-sharp eogenetic karren at various scales, up
to several meters tall and sometimes grotesquely
corroded pinnacles (Fig. 2.11c). Nestled among
the pinnacles are many flat-bottomed solution
pans. Away from the shore, both small-scale
karren and meter-scale pinnacled relief are
subdued, gradually giving way to smoother
textures and flatter land surface. As the landscape
transitions to inland karst, depressions are filled
with soil and vegetated by progressively less salttolerant plants. In diagenetically more mature
rocks, classical karren such as fluting and runnels
readily appear. Because marine notches are
continually deepened and overhanging rocks
toppled, wave swash, splash, and spray zones
slowly migrate inland, causing the interior areas
to be progressively relieved of vegetative and
soil cover and included in the eogenetic coastal
karrenfeld.
In temperate and cooler regions, dissolutional
sculpturing on all scales is much less pronounced
than in warmer regions (as predicted by
Guilcher (1953) who stated: “les formes de
dissolution sont d’autant plus évoluées que les
eaux sont plus chaudes”). To that it should
be added that higher latitude limestones are
generally more diagenetically mature than those
in tropical and subtropical areas, which also
minimizes their surface relief. Consequently,
shore platform karrenfeld at mid-latitudes is not
so strikingly different from karrenfelds further
inland (Fig. 2.11d), at least when observed on a
landscape-scale. Like overall relief, bioerosional
and bioconstructional activity is also reduced
compared to tropical latitudes. Tidal ranges may
be greater and there is increased force of waves
and mechanical erosion. This tends to preclude
the development of benches and notches. Instead,
the typical morphology manifests as erosional
ramps (Lundberg 2009), which are sloping shore
platforms dominated by mechanical erosion.
Despite large-scale uniformity, surfaces of
erosional ramps are host to various karren
assemblages arranged in distinct zones. One of
the best-studied coastal karrenfelds in temperate
zones is in western Ireland (Fig. 2.11e), described
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Fig. 2.11 Coastal karrenfelds. (a) Boundary between flat
erosional bench with bioconstructional coating and outer
rim and the seaward-most portions of coastal karrenfeld,
with bedrock in swash zone reduced to isolated, pyramidshaped dm-scale remnants, Santo Domingo, Dominican
Republic; (b) Pinnacles and interposed pits that typify
coastal karrenfeld of the wave splash zone in Pleistocene
limestone of Guam, Mariana Islands; (c); Grotesquely
corroded pinnacled terrain typical of a coastal karrenfeld
in sea spray zone of tropical eogenetic limestones, Saipan,
Northern Mariana Islands; (d) Coastal karrenfeld on an
erosional ramp in the Mediterranean; horizontal erosional

or bioconstructional bench is absent, but a prominent
but fully submerged marine notch exists below the low
tide mark, Sveti Marko island, northern Adriatic Sea; (e)
Erosional ramp and tidepools in a temperate zone, with
pronounced subtidal and intertidal bioerosional relief,
but modest dissolutional topography in supratidal areas,
Burren coast, County Clare, Ireland [photograph and ©
by Sandy Skipper]; (f) Erosional ramp in the Arctic, with
visible bowl-like pits in the tidal belt and to a lesser
extent the supratidal zone, carved in marble, Helgeland
coast, northern Norway [photograph and © by Stein-Erik
Lauritzen]

in detail by Lundberg (1977) and subsequent
workers. The intertidal zone is dominated by
bioerosional activity. Its lower and mostly
submerged parts exhibit extremely hollowed out

relief with jagged pinnacles and deep depressions
made by boring sea urchins and other organisms.
These macro-bioeroders prolifically produce
pit-like scars and create extremely dissected
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surface that is so imprinted with adjacent gouge
marks and residual points and ridges that it is
reminiscent of, though not genetically related
to, eogenetic karren sculpturing. This is evident
from the fact that, unlike in eogenetic coastal
karst, relief in the upper intertidal zone, beyond
immediate reach of marine invertebrates, is
much reduced and consists of shallow tide pools
separated by rounded residual relief. Zone of
wave splash has yet shallower basins and only
slightly fretted rock surface. In the zone of spray,
topography is rather subtle, with flat-floored pans
separated by smooth rock surfaces colonized
by salt-tolerant lichens, acting bioerosively or
bioprotectively (Carter and Viles 2005). Further
inland, the exokarst surface changes to limestone
pavement and then to soil and plant cover. With
further coastal erosion and bioerosion, especially
by urchins laterally enlarging their pools to
undermine and consume rocks higher up, all
the zones migrate landward across the erosional
ramp (Lundberg 1977).
Cold and periglacial karst coasts also exhibit
overall erosional ramp profile and its shaping
is clearly dominated by physical processes
(Fig. 2.11f). Frost and salt weathering play
important roles, and chemical and biological
corrosion are inhibited by low temperature and
ice-armoring of the coast during large part
of the year. Consequently, dissolutional and
bioerosional sculpturing on the exposed rocks
is comparatively small (Malis and Ford 1995).
Below the waterline, bioerosional scars are
minimal, though boring bivalves do occur (e.g.
Brookes and Stevens 1985). Immediately above
the waterline, dissolutional texture is generally
limited to numerous small pits (bowl karren of
Holbye 1989). Beyond the zone of swash, the
rock surface is generally smooth and karrenfree. It is important to note here that coastal
karstification at high latitudes is never complete
because dissolutional and bioerosional processes,
already slowed down by low temperatures and
freezing, cannot catch up with rapid isostatic
uplift experienced since the removal of ice
cover after the last glacial maximum. Lundberg
(2009) presents an illuminating diagram that
portrays the polar karst coast as a sloped shore
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platform on which, in conveyer-belt fashion,
glacially-polished smooth surfaces rise into
the intertidal zone, experience rudimentary
and then maximum pitting as the pass through
the wave swash and splash zones, and
deteriorate as they elevate further beyond marine
influence.

2.8

Zonation and Landscape

The prospects of any particular small- and
medium-scale feature or compound structure
of coastal exokarst occurring in a particular
location depend first and foremost on the
baseline lithological, structural, tidal, climatic,
and ecological context of the general geographic
setting. Clearly, different types of features are
limited or most common in particular geographic
areas. In addition, their distribution is also
closely controlled within a particular area by
the local-scale physical, chemical, and biological
gradients that permeate the immediate, often
micro, environment. Consequently, the existence
and mode of expression of different features
of coastal exokarst turn up in a way that
distinct geomorphic zones can be distinguished,
as was evident from previous descriptions of
shore platform karrenfelds. These zones can
be traced to the overriding influence exerted
by seawater: its tidal regime, wave energy,
temperature, salinity, and other factors; they
determine the type, timing, and chemistry
of water-rock contact. Proximity of seawater
boosts physical erosion and salt weathering,
whereas its disengagement away from the
coast boosts inorganic dissolution by normal
karst processes. The same parameters affect
biologic colonization of substrate and determine
the type, timing, and intensity of biota-rock
contact. Biologic gradients are coupled with
hydrodynamic gradients and essentially reinforce
them because both abundance and diversity of
microbial biofilms and invertebrate bioeroders
are proportional to the amount of water present
at a given spot (Palmer et al. 2003). For that
reason, the intensities of both biological erosion
by invertebrates as well as direct and indirect
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corrosion by microbes generally diminish with
distance away from the shore, though each of
the countless taxa exhibits their own separate
abundance vectors driven by the requirements
of their own ecological niches. Other vectors
that exist are the near immediate diminishing of
bioconstruction, abrasion, and wave quarrying
landward from regularly wetted parts; and the
peaking of salt weathering, wetting and drying,
and mixing corrosion in areas of occasional sea
water input. The relative importance of various
processes as a function of distance from the
shoreline is beautifully illustrated by De Waele
and Furlani (2013).
Because key abiotic parameters vary vertically
(elevation above base level, tidal wetting and
drying), horizontally transverse to the shore
(distance away from waterline, wave wetting
and drying, persistence of marine aerosols), and
laterally along the coast (variations in exposure,
wave energy, climate), they cause commensurate
alteration in biologic community structure
and all the ensuing biotic parameters. These
environmental gradients control the presence
and intensity of processes that drive geomorphic
change and ultimately result in various coastal
exokarst landforms being formed and arranged
according to those gradients. This produces
a zonation of ecological and geomorphic
features that form in subtidal, intertidal, and
supratidal zones; or experience water contact
as inundation, swash, splash, or spray; or
correspond to sheltered, somewhat exposed or
very exposed coasts. Considering that all of this is
superimposed on lithologic, structural, and other
baseline characteristics of a particular area, the
variety of overall landscapes is endless. However,
as presented in this chapter, some common small
and medium-scale textures and structures can
be recognized as recurring components in all
coastal karst settings. Their characteristics and
configurations vary immensely and, together with
tectonics, sea-level change, marine, groundwater,
and subsurface karst processes (discussed
elsewhere in this book) bring about the wider
coastal karst landscapes in all their beauty and
diversity.
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Gómez-Pujol L, Fornós JJ (2009) Coastal karren in the
Balearic Islands. In: Ginés A, Knez M, Slabe T, Dreybrodt W (eds) Karst rock features – karren sculpturing.

53
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Kázmér M, Taboroši D (2012) Bioerosion on the small
scale – examples from the tropical and subtropical
littoral. Hantkeniana 7:37–94, incl. 96 figs and 1 table,
Budapest, Hungary
Kelletat D (1985) Bio-destruktive und bio-konstruktive
Formelemente en den spanischen Mittelmeerküsten.
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d’Algues calcaires des côtes du Brésil. Rec Trav Stat
Mar Endoume 43:9–23
Kershaw S, Guo L (2001) Marine notches in coastal
cliffs: indicators of relative sea-level change, Perachora Peninsula, central Greece. Mar Geol 179(3–4):
213–228
Kleemann K (2001) Marine bioerosion. Lecture given at
the University of Vienna, compiled by P Madl. Available on-line at: biophysics.sbg.ac.at/transcript/bioeros.
pdf. Last Accessed 16 Mar 2012
Knight J (2005) Controls on the formation of coastal
ventifacts. Geomorphology 64:243–253
Kobluk DR, Risk JM (1977) Rate and nature of infestation
of a carbonate substratum by a boring algae. J Exp Mar
Biol Ecol 27:107–115
Kogure T, Matsukura Y (2010) Critical notch depths for
failure of coastal limestone cliffs: case study at Kuroshima Island, Okinawa, Japan. Earth Surf Proc Land
35(9):1044–1056
Krumbein WE (1979) Photolithotropic and chemoorganotrophic activity of bacteria and algae as related to
beachrock formation and degradation (Gulf of Aqaba,
Sinai). Geomicrobiology 1:139–203
Laborel J (2005) Algal rims. In: Schwartz ML (ed)
Encyclopedia of coastal science. Kluwer, Dordrecht,
pp 24–25
Laborel J, Laborel-Deguen F (1994) Biological indicators
of relative sea-level variation and of co-seismic displacements in the Mediterranean area. J Coastal Res
10(2):395–415
Laborel J, Laborel-Deguen F (1995) Biological indicators
of Holocene sea-level and climatic variations on rocky
coasts of tropical and subtropical regions. Quatern Int
31:53–60
Laborel J, Morhange R, Lafont J, Campion L, LaborelDeguen F, Sartoretto S (1994) Biological evidence of
sea level rise during the last 4500 years on the rocky
coasts of continental southwestern France and Corsica.
Mar Geol 120:203–223
Ley RG (1977) The influence of lithology on marine
karren. Abhandlung zur Karst und Höhlenkunde 15:
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Trimmel H (1965) Speläologisches Fachwörterbuch.
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